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Abstract
The Role of Microvascular Signaling in the Neurogenic Niche
Rita Matta
2021
Stroke is among the leading causes of death and disability worldwide, partly due to the lack
of effective therapies to facilitate the recovery of damaged brain tissue. Stem cell therapies used to
treat neurological diseases are promising, owing to their innate ability to enhance endogenous
repair mechanisms and promote functional recovery. However, the maintenance of stem cells in a
quiescent state throughout delivery remains a significant challenge. This challenge only
exacerbates the difficulty of therapeutic strategies attributed to the low survival rate of engrafted
cells within the inflamed, cytotoxic brain. Tissue engineering provides the opportunity to develop
cell delivery strategies that maintain cell quiescence and reduce inflammation during and postdelivery, thereby promoting cell survival, migration, and success following engraftment.
The subventricular zone (SVZ), located lateral to the lateral ventricle, is the largest region
in the adult brain where proliferating neural stem cells (NSC) reside. For NSC to differentiate in
response to injury into the functionally specific cell types that comprise healthy brain tissue, they
must first migrate rostrally into the olfactory bulb (OB). This process is dependent upon signaling
from microvascular endothelial cells (EC) and pericytes (PC) within the SVZ, ultimately directing
NSC along the rostral migratory stream (RMS) to the OB. Diffusible secreted signals from EC can
increase survival, proliferation, and differentiation of SVZ NSC in vitro as well as in vivo.
Here, we investigate the role of vascular cells in NSC functionality, particularly, NSC
migration and survival. Our results demonstrate that, with the microvascular structure, EC, and not
PC, promote NSC migration and cluster formation, both by cell-cell contact and soluble factor
secretion. Using a 3D scaffold that mimics the biomechanics, biochemistry, and biostructure of
specific regions of the brain, we can visualize the migration of NSC clusters throughout the pores
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of this functionalized scaffold towards EC. Due to N-cadherin’s established role in NSC
polarization and cytoskeletal rearrangement, we demonstrate that EC secreted MMP2 leads to NSC
clustering, increased N-cadherin expression, and enhanced NSC migration. When the NSC cluster
leader cell was ablated using a microfluidic system, the cluster no longer can migrate, even when
in the presence of EC soluble factors, confirming that NSC clustering is a prerequisite for migration.
The novelty of the compositional, architectural, and mechanical mimicking scaffold has
allowed us to probe biofunction and inform us about important signals to incorporate into a delivery
structure. Due to the positive impact EC have on NSC, we use polymeric microbeads for their coencapsulation to be delivered into the brain. We demonstrate that NSC encapsulated with EC have
increased NSC survival and maintained quiescence, prior to and post injection to a non-injury
model, as compared to NSC encapsulated alone. Once injected into the brain, NSC encapsulated
with EC present reduced immune cell activation and enhanced cell survival as compared to freely
injected cells. Furthermore, NSC encapsulated with EC delivered to two rat stroke models
demonstrate enhanced cell infiltration and migration into the stroke damaged tissue with the use of
extracellular matrix (ECM) as a suspension vehicle. Our work provides convincing evidence that
engineered mimics of the neurovascular niche may serve as a neuroprotective delivery vehicle,
reducing inflammation upon transplantation, ultimately improving the state of current delivery
systems.
As we aim to enhance the construction of our bioengineered niche, we observe the impact
of vascular cells on NSC survival during injury-like conditions, specifically when deprived of
glucose. We demonstrate that EC, but not PC, promote NSC cell proliferation and reduce
cytotoxicity during glucose deprivation by direct cell-cell contact and soluble factor secretion. This
effect is diminished when NSC VEGFR3, abundantly expressed by NSC in the SVZ, is blocked.
In addition, we demonstrate that NSC and EC co-cultures have elevated levels of VEGF-C, not
seen for NSC alone. To further assess NSC survival in vivo, we delivered microbeads to a mouse
stroke-injured brain, where NSC encapsulated with EC have high VEGF-C expression around the
2

injection site compared to microbeads with NSC encapsulated alone. Our results demonstrate a
novel role for VEGF-C/VEGFR3 in promoting NSC survival during injury which can significantly
enhance current therapies. In summary, our work can aid the creation of a novel cell delivery
therapeutic for stroke, promoting NSC migration and survival upon transplantation. Together our
findings highlight the potential for neural-vascular coupling to promote functional and long-term
recovery in the stroke injured brain.
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significantly higher with ECM hydrogel in both types of tissue defects. On all graphs, bars represent
the mean value and error bars indicate the standard deviation of the data................................... 140
Figure 5. 6. Encapsulation of neural stem cells and endothelial cells into microspheres. A.
Schematic demonstrating the cell encapsulation process. Neural stem cells (NSCs) and endothelial
cells (ECs) were mixed with photochemicals and polymer prior to mixing with mineral oil and a
photoinitiator. Exposure to light and stirring produced microspheres. B. A brightfield image
visualize the microsphere in phase contrast and the incorporation of cells is evident using the
nuclear Hoechst for fluorescence microscopy. C. To ensure a homogenous suspension of
microsphere for injection, ex vivo optimization of injection parameters was undertaken. D. To
ensure the integrity of microspheres, microsphere circularity was quantified, and microspheres
remain intact regardless of needle gauge size. E. To ship cell-encapsulated microsphere, viability
of cells before and after freezing were evaluated. Calcein (in green) provided a vitality stain for
live cells. F. Almost all cells in the microsphere were alive after freezing. G. Cytotoxicity for
encapsulated cells before and after freezing was equivalent to live plated cells. There was no
difference between NSCs and NSCs+ECs microspheres. Scale bar = 50 µm, representative of all
images. On all graphs, bars represent the mean value and error bars indicate the standard error of
the mean. ...................................................................................................................................... 142
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Figure 5. 7. Microsphere-based cell delivery to a tissue cavity caused by stroke. A. ECM
hydrogel-based implantation of green fluorescent protein (GFP)-tagged neural stem cells (NSCs)
and endothelial cells (ECs) encapsulated in microspheres. B. There is widespread distribution of
microspheres throughout the cavity, but there is also evidence that a cortical tissue defects (#) was
not filled due white matter separating it from the main striatal cavity. Some loss of microspheres in
the main cavity are evident due to tissue processing (*). NSCs migrated to the area of cortical tissue
damage and more extensively throughout the cavity as well as into surrounding damaged tissue.
ECs mainly remained within the main cavity where microspheres were implanted. C. At the base
of the lesion microspheres were well compacted and presented a mixture of sizes. Some cells were
evident in the microsphere, but a large number of cells populated the ECM hydrogel in between
the microspheres. D. In the core of the cavity, microspheres were also well compacted and
distributed, but no very large microspheres were evident. ECs were very evident in this region
compared to NSCs. E. Only NSCs were invading into the surrounding tissue. F. Migration of NSCs
along white matter tracts and invasion into damaged cortical tissue was also observed. G. Invasion
of NSCs into the damaged striatum was widespread. H. A few microspheres were present in
damaged cortical tissue, which was along the implantation pathway, but no microspheres were
present in adjacent tissue. Nevertheless, extensive invasion and migration of NSCs in the damaged
cortical tissue was evident. I. it is unclear in the corpus callosum if NSCs from the few microspheres
in the cortex migrated along these white matter fibers or if NSCs from the main striatal tissue cavity
invaded the corpus callosum to migrate to damaged cortical tissue. J. Some migration of implanted
NSCs was evident towards the subventricular zone, which is the inverse migration pattern observed
by endogenous NSCs. K. NSCs at the base of the tissue cavity also migrate ventrally along the
trajectory of the MCA. ................................................................................................................. 144
Figure 5. 8. Co-implantation of neural stem cells and endothelial cells in microspheres
produces an improved survival of cells in the stroke cavity. A. The injected volume of
microspheres with NSCs and ECs (n=2) was approximately twice the volume of microsphere with
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NSCs (n=2). B. The volume fraction within the implanted volume was approximately 3x higher for
microspheres with NSCs and ECs than microspheres with only NSCs. C. The size distribution of
microspheres was equivalent between both conditions, but microsphere with NSCs and ECs had a
higher density after implantation for all sizes. D. A volume comparison of the cavity and
microspheres, as well as the distribution volume of NSCs and ECs indicate that microspheres and
NSCs covered an area larger than the cavity. ECs distributed through a volume smaller than the
cavity. E. Co-implantation of ECs and NSCs resulted in a higher cell survival of NSCs. F. However,
the density of grafted cells in the NSCs+ECs condition was approximately 100 cells/µL higher than
in the NSC only condition. On all graphs, bars represent the mean value and error bars indicate the
standard deviation of the data. ..................................................................................................... 147
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NSC baseline control and NSC, NSC+EC, and NSC+PC under GD at 4 hours (left) and 24 hours
(right). C) Cell cytotoxicity for NSC baseline control and NSC, NSC+EC, and NSC+PC under GD
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Figure 6. 3. VEGFR3 expression is increased in co-cultures of NSC+EC during glucose
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GD. B) VEGFR3 expression for NSC, NSC+EC, and EC at 24 hours under baseline and GD. C)
Immunofluorescent images for NSC, NSC+EC, and EC at 4 hours under baseline (left) and GD
(right), staining against VEGFR3 (red), Dapi (blue), and Phalloidin (green). Scale bar (50 µm)
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Chapter 1: Introduction & Outline
Portions of this chapter were printed with permission from Matta and Gonzalez, 2018 [1]

1.1 Stroke Impact and Background
Stroke is among the most prominent public health issues in the world, ranking among the
top five leading causes of death and disability and impacting 1 in 6 people worldwide [2]. In the
U.S alone, someone suffers a stroke every 40 seconds [3]. Both the incidence and prevalence of
stroke have been correlated to an aging population as well as socioeconomic burden [4], causing
trends in incidence and severity of stroke outcomes to vary significantly between states and
countries. The only current therapy for ischemic stroke being administration of recombinant tissue
plasminogen activator (rtPA). While the treatment of rtPA therapy can be beneficial, it is currently
constrained to just 2-5% of stroke patients, as rtPA is only effective if administered 4.5 hours
following symptom onset [5]. For patients who are unable to meet the criteria for rtPA therapy,
intracranial hemorrhage often causes permanent neurological functional deficits [5]. A need for
therapies that can be administered beyond a short therapeutic window remains, in addition to those
that have the potential to restore the damaged tissue cavity that is formed by hypoxic conditions
following stroke.
Responsible for approximately 85% of strokes [4], ischemia occurs when there is a
blockade of a cerebral artery by a foreign clot or mass. This prevents sufficient blood flow through
macrovessels and the invested microvasculature, thereby limiting oxygen exchange into the
surrounding tissue. Reduction of blood supply under 15-20% of baseline levels contributes to tissue
necrosis and irreversible damage [6]. Vascular occlusion disrupts the cells and proteins that
maintain the tightly regulated barrier at the vascular-tissue interface, known as the blood brain
barrier (BBB). The BBB contains endothelial cells (EC), pericytes (PC), a basement membrane,
and astrocytic feet. Damage to one or all these components causes increased permeability and
subsequent edema and neuroinflammation. Furthermore, soluble factors including tumor necrosis
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factor alpha (TNF-α), thrombin, hemoglobin and iron sulfate can be released into the local area
through diffusion of soluble blood and blood plasma constituents, which may cause cytotoxic
effects to the milieu [7]. The volume of necrotic lesion core resulting from cellular and tissue
damage is directly correlated to the extent of motor impairment experienced by the patient. The
final infarct size, or area of dead tissue due to hypoxia, varies from patient to patient, contributing
to the heterogeneity and complexity of this disorder [8].
In an effort to achieve neurological function after stroke, neurogenesis creates new neurons
(neuroblasts) in two germinal regions in the adult mammalian brain: the subventricular zone (SVZ)
of the lateral ventricles and the subgranular zone (SGZ) in the hippocampus [9]. Under normal
conditions, the adult brain inhibits new axonal sprouting. Recent studies have demonstrated that
existing neurons may sprout new connections after the occurrence of ischemic stroke [10]. The
SVZ is highly vascularized and neural stem cells (NSC) are in close contact with the rich vascular
system, as evidenced by close interactions between type-B astrocytic cells, ependymal cells, EC,
and PC. Direct contact between each of these cells and NSC promote NSC self-renewal and
neurogenesis in the SVZ [11].
In addition to neurogenesis, the process of angiogenesis, or development of new blood
vessels, is necessary to achieve functional neurological recovery following stroke [5]. The periinfarct area is hypoxic, triggering angiogenesis through up-regulation of EC-secreted vascular
endothelial growth factor (VEGF) within 6-24 hours following occlusion. Angiogenesis is followed
by a coordinated up-regulation of the VEGF-receptor after 48 hours [12]. Due to this signaling
cascade, EC proliferation and sprouting contribute to early and necessary microvessel formation,
as the number of new vessels formed in the ischemic penumbra is associated with longer survival
for ischemic stroke patients [13]. Many factors beyond VEGF, such as fibroblast growth factor
(FGF) and brain-derived neurotrophic factor (BDNF) regulate angiogenesis. These function to
promote vasodilation and increase circulation and tissue oxygenation as initial steps for repair
following ischemic damage [5].
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Angiogenesis and neurogenesis are coupled processes critical for functional and structural
recovery of the brain infarct region following stroke. Neural stem cells (NSC), cells with the
capacity to differentiate into cells of all glial and neuronal lineages, can populate central nervous
system (CNS) regions. NSC are natively resident in the SVZ niche and secrete growth factors and
chemokines that promote proliferation and expansion of the NSC pool. Regenerative capacity is
maintained by switching from asymmetric division, a process allowing stem cells to self-renew, to
symmetric division, a process enabling cells to expand in number after injury. Following NSC
proliferation, neuroblasts (cells differentiated from NSC that are committed to neuronal fate)
migrate to the ischemic region and boundary of the infarct region. This migration is characterized
by cellular interactions between immature neuroblasts and blood vessels, suggesting that
angiogenesis and neurogenesis are time-dependent and codependent upon one another [5].
1.2 Goal of Tissue Engineering Strategies
In order to improve behavioral recovery following stroke, the goal of regenerative medicine
is to successfully transplant stem or progenitor cells that can differentiate into neurons and integrate
with the host microenvironment, improving both neurological and behavioral outcomes. Ideally,
the act of transplantation and cell survival would enhance the endogenous repair processes,
including axonal sprouting, neurogenesis, brain plasticity, and motor remapping. Integrated neural
progenitor cells have the potential to replace and rebuild impacted circuitry and reduce lesion size,
in conjunction with the fine-coordinated events of angiogenesis and neurogenesis. This repair
includes recruitment of vascular cells for increased neovascularization and vascular stabilization
[14, 15].
Neural stem cells enact cell proliferation and recruitment through the production and
secretion of growth factors that are correlated with recovery following ischemia. Some growth
factors such as VEGF have a short-term impact, having demonstrated an increase in vascularity of
infarcted tissue following stroke [16] and presenting upregulation in rat middle cerebral artery
occlusion (MCAO) models after 3 hours [17]. Both insulin-growth factor-1 (IGF-1) and BDNF
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have also demonstrated promising results as acute therapies, beginning administration after 30 and
15 min post MCAO, respectively, and primarily attributed to reduction in infarct volume [16].
Growth factor presentation in various forms is integral to promoting repair and functional recovery
following stroke.
Tissue engineering constructs for the goal of neural regeneration and repair of the stroke
region require that cell survival and activity be sustained and, often, enhanced for appropriate
integration of exogenous transplanted cells into the host tissue. The successful use of biomaterials
that recreate the SVZ native niche should support cell survival, proliferation, growth factor
production, and protein secretion as necessary for appropriate cellular delivery and engraftment
into the damaged area. Combining tissue engineering and cell transplantation advances can directly
influence the differentiation and survival of neural progenitor and stem cells in vitro and in vivo.
Both homophilic and vasophilic migration play a critical role throughout the RMS in
response to injury. Homophilic migration is characterized by chains of migrating neuroblasts that
use each other’s somas to cluster and form a chain migration and are regulated by chemoattraction.
Chemoattractants include netrin, neuregulin, ephrin, and brain-derived neurotrophic factor
(BDNF). NSC also use blood vessels to guide vasophilic locomotion, although the exact
mechanisms that guide neuroblast migration along vessels without direct contact to EC are not fully
understood. Studies demonstrate the importance of factors such as BDNF released by EC, providing
chemoattraction for neurons to the RMS [18]. A neuroinflammatory response is induced following
brain injury, seen by release of chemokines and growth factors including CXCL12, angiopoietin1, monocyte chemoattractant protein-1 (MCP-1), VEGF, and BDNF. CXCL12, the best
characterized molecule for directing NSC migration, can signal to NSC through ligation of the
CXCR4 receptor. EC secretion of CXCL12 as well as angiopoietin-1 secretion from remodeling
blood vessels after lesion initiate NSC migration [18]. These increase neurogenesis and migration
to inflamed tissue, although the release of chemokines and growth factors by PC has yet to be
elucidated.
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While we have come to understand many of the cellular and structural interactions that
occur during stroke recovery, we remain unable to harness this knowledge to enhance therapeutic
recovery. To date, there remains no effective treatment to foster recovery following ischemic
stroke, though cell therapy has emerged as a promising approach to encourage functional
replacement of the damaged neurons. As a therapeutic approach, transplanted NSC have the
potential to differentiate into numerous phenotypes required for neurogenesis in response to
biological cues and may integrate with the host environment to recover the effects of
neurodegeneration. By incorporating factors that enhance both neurogenesis and angiogenesis
through cell therapy, a neuro-restorative therapy can be created to promote re-growth in the
neurogenic niche. This approach demonstrates the potential to repair the injured brain, though many
limitations must be overcome. These include promoting cell survival, controlling cell
differentiation, and ensuring proper engraftment of exogenous cells within a fragile
microenvironment.
1.3 Objective
Here, we aim to contribute understanding to how vascular cells in the neural niche impact
neural cells, and how we can utilize these cell types together to create an effective tissue engineered
strategy. We investigate the role of EC and PC in promoting NSC viability under glucose
deprivation, hypothesizing vascular cytokines may reduce NSC cytotoxicity and promote cell
proliferation. In addition, we observe EC and PC impact on promoting NSC clustering and directing
NSC migration using sophisticated 3D models, specifically elucidating the role of N-cadherin in
this effect. The investigation of these molecular mechanisms at homeostasis and upon injury,
specifically on NSC enhanced viability and pro-migratory state, dictate our constructed engineered
niches for sustained NSC delivery to the stroke injured brain. The goal of these findings is to use
cell-encapsulated microbeads as a minimally invasive delivery therapeutic for ischemic stroke.
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1.4. Specific Aim
Aim 1: Investigate the role of vascular cells in promoting NSC clustering and directing NSC
migration. Determine the mechanism by which NSC clustering is enhanced in the presence of
vascular cells. Elucidate if EC or PC activate EGFR through MMP2 secretion, and thereby promote
N-cadherin cleavage. Conduct 3D migration experiments using a porated, mechanically and
biochemically mimetic PEG hydrogel to visualize NSC migration with EC+/-PC.
Aim 2: Construct engineered microbeads that enable sustained delivery of cells and optimize their
delivery into the damaged CNS. Assemble niche to enable NSC survival and quiescence in the
presence of vascular cells, in particular EC or PC with NSC, enhancing constructs with inclusion
of biomimetic peptide sequences. Optimize and characterize degradation, visualization, processing,
and delivery technique of microbeads with encapsulated cells into 1) a mouse wild-type model and
2) two rat stroke models. Observe how injected cells enhance and promote functional recovery and
neural circuitry.
Aim 3: Determine the mechanism by which vascular cell secreted factors sustain NSC viability
during stroke-like conditions. Characterize NSC proliferation and cytotoxicity during glucose
deprivation with EC+/- PC. Probe the role of VEGF-C in promoting NSC survival and the
dependence Deliver blank microbeads and NSC and NSC+EC encapsulated microbeads into a
mouse stroke model and observe VEGF-C expression in the stroke tissue.
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Chapter 2: Background & Motivation
Portions of this chapter were printed with permission from Matta and Gonzalez, 2018 [1]
2.1 Subventricular Zone and Biology
2.1.1 Cytoarchitecture
The subventricular zone (SVZ) is one of the two niches in the adult brain where neurons
can regenerate [9]. This highly organized microenvironment begins to form during embryonic
development with the generation of excitatory neurons. New excitatory neurons are generated in
the ventricular zone that faces the lateral ventricle; an area adjacent to the SVZ. Upon migration
towards the brain surface during the developmental period, neurons that are born earlier are in
deeper layers while neurons born later remain superficial [19]. The SVZ is highly vascularized and
neural stem cells (NSC) are in close contact with the rich vascular system, as evidenced by close
interactions between NSC, ependymal cells, and endothelial cells (EC). Direct contact between
each of these cells and NSC promote NSC self-renewal and neurogenesis in the SVZ, as seen in
Figure 2.1. [11].

Figure 2. 1: Schematic of the SVZ in and stroke injured brain. A) Healthy brain tissue with
proliferating NSC in the two germinal zones of the brain. B) Peri-infarct tissue contains
proliferating NSC that become activated following injury.

The microvasculature of the SVZ contains a more expansive vascular network than other
areas of the brain. While the microvasculature of the SVZ maintains vascular integrity to support
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the blood brain barrier (BBB), there are regions of the SVZ blood vessels where contact with
astrocytic endfeet and microvasculature support cells, particularly pericytes (PC), is absent. The
intermittent absence of astrocytic and PC contact with the vessel allows for transit amplifying NSC
to directly contact the endothelium, enabling rapid signaling and molecular exchange between the
two cells [20]. The unique SVZ microvasculature suggests that a modified BBB in this niche exists
[21].
Extrinsic factors that directly influence cells of the SVZ originate from blood vessels [22],
the ependymal layer [23], and cerebrospinal fluid (CSF). In particular, the CSF is a major supplier
of both proteins and small molecules responsible for signaling this niche [24]. The choroid plexus
determines the composition of CSF in order to directly delivery these proteins and molecules to the
SVZ and impact the behavior of neural progenitor cells [22, 23]. Secreted CSF is important in
maintaining normal brain function as well as response to neuropathological conditions, where
changes in CSF to the SVZ may alter the brain parenchyma metabolism.
The interactions between both EC and PC with NSC, as well as with each other, are critical
for maintaining vessel integrity and niche cell maintenance, as seen in Figure 2.2. The connection
between type-B cells and EC is characterized by short, thick processes extended from the body of
NSC in the ventricular zone. These processes allow cells to anchor to the basement membrane and
migrate rapidly along the vessel length, enabling interactions critical for both NSC self-renewal
and cell differentiation [25]. Clustering progenitor cells in close contact with cerebral EC are
supported in their proliferation and response to ischemia, though the process by which EC mediate
this support has yet to be elucidated [26]. Like EC, PC also intricately interact with type-B cells,
where NSC both project and ensheath PC of the SVZ capillaries [27]. While abundant in large
numbers within the SVZ, PC distribution along the length of brain microvessels varies, which is
not surprising since the vascular endothelial tissue is extremely heterogeneous. Type-B cells control
capillary tone in the SVZ due to the contractile nature of PC [21]. As a result, the interactions
between vascular cells and NSC are critical to the SVZ functioning as a neurogenic network.
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Figure 2. 2: Subventricular zone cytoarchitecture. A) Subventricular zone (SVZ) located on
lateral wall of lateral ventricle (LV). B) Resident cells lining ventricles, in the SVZ, and blood
vessels.

2.2 Cell Types
Numerous cell types reside and interact in the SVZ. Here, we discuss some of the main cell types,
their secreted factors and cellular markers, and their impact on surrounding cell types in the SVZ,
outlined in Table 1.
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Cell Type Markers

Secreted Factors

Impact

junction PDGFβ
Endothelial Tight
Cells markers (ZO-1,
ZO-2,
claudin-5)

Influence pericytes function

and
NSC self-renewal
PEDF

NCAM

NSC proliferation
Betacellulin

Laminin

Ependymal BMP
Cells β-catenin

N-cadherin
Vimentin
α-tubulin
Pericytes αSMA

Microglia

Iba-1

NT3

NSC proliferation
NSC quiescence

PEDF

May promote NSC self-renewal
Potential role in NSC maintenance

Noggin
TGF-β

Induce, up-regulate BBB function

IGF-2

Impact neurogenesis to be explored

TNF- α

Monitor brain microenvironment

IL-1

Phagocytosis of foreign substance

Cytokines: pro and anti- Inhibit or induce deleterious effects
inflammatory

Table 1. 1: Resident cell types of the subventricular zone niche, including endothelial cells,
ependymal cells, pericytes, and microglia, with their respective cellular markers, secreted factors,
and impact to other cells present in the niche.
2.2.1 Neural Stem Cells
The goal of stem cell-based therapy is to replace dying and dead cells in the brain to restore
damaged neural circuitry. There is a broad pool of stem cells with the potential to be used as
therapeutic agents with the goal of de novo neuron and glial cell generation in following strokeinduced neurodegeneration [28].
In the adult brain, NSC can be subdivided into 3 types: 1) type-B quiescent stem cells, 2)
type-C cells, which are transit-amplifying progenitors derived from activated type-B cells, and 3)
type-A neuroblasts, which are formed from amplifying type-C cells that ultimately migrate to the
olfactory bulb (OB) where they differentiate into interneurons [29]. Type-B cells, commonly
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referred to as SVZ astrocytes, are in close proximity to the vasculature and interact with EC directly.
Type-B cells are characterized both by their distinct morphology of long projections with
specialized endfeet, as well as their expression of glial-fibrillary acidic protein (GFAP) [30].
Because the interactions between quiescent type-B NSC and EC are key to the stability and
remodeling of the SVZ, their relationship remains a highly active area of investigation [9, 29].
NSC are able to generate neural tissue that possesses some capacity for self-renewal, as
well as the ability to undergo asymmetric cell division to produce cells other than themselves,
including neurons or glial cells [31]. They can give rise to neurons, astrocytes, and
oligodendrocytes in vitro and in vivo, and have been positively correlated with replacement or
repair to damaged brain tissue in animal models of stroke. NSC in the adult brain are consistently
present in the SVZ and the hippocampus [32]. NSC isolation for use in vitro requires excision of
these regions of the brain and agitation of the tissue to dissociate cells [31]. In vitro, cellular fate
has been determined through staining with antibodies specific for neuron-specific class III Btubulin (TUJ1), a marker specific for identification of NSC derived neurons. GFAP has been used
for identification of astrocytes, and galactosylceramide (GalC) is a marker used to identify
oligodendrocytes. In vitro and in vivo observation of NSC differentiation suggests that cell fate to
a specific lineage can be induced by withdrawing mitogens or by exposing cells to factors, such as
FGF-2, to permit neurogenesis [30, 31].
NSC are located within close proximity to the abundant vasculature of the SVZ. More than
50% of NSC nuclei within the murine SVZ are located within 20 micrometers of blood vessels.
Additionally, NSC proliferation occurs close to blood vessels, suggesting that neurogenesis is
dependent upon direct and indirect interaction with the vasculature. Endothelial signaling,
specifically ephrin-B/EphB, regulates NSC proliferation and niche cell plasticity, while Notch
signaling regulates NSC maintenance [33, 34]. These signaling pathways facilitate EC inhibition
of NSC differentiation and limit NSC proliferation. EC of the SVZ vasculature are functionally
important for the NSC lineage by regulating these cell processes [22].
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2.2.2 Endothelial Cells
EC comprise the lumen of the brain microvasculature and are critical for regulating tissue
homeostasis and facilitating information transfer between neurons and glial cells. During ischemic
stroke, microvascular EC are damaged by oxygen and nutrient deprivation, which results in
degradation of tight junctions that produces an increase in BBB permeability. Following stroke,
disturbance of the EC framework and local cytokine levels poses danger to the milieu due to EC’
role in maintaining the BBB integrity when responding to injury [20].
As previously discussed, angiogenesis and neurogenesis are interdependent processes that
intrinsically rely upon each other. In the BBB, the vascular framework is formed through tight
junctions, which are responsible for regulating vascular permeability and stabilizing the vessel wall.
As the BBB is notably impermeable to large, polar molecules, true biomimetic in vitro models must
maintain endothelial specific markers that facilitate vascular integrity and restrict permeability.
Experimental use of the immortalized mouse brain EC line, bEnd3 is common because these cells
retain the expression of mRNA and proteins that are required for the formation of tight junction
proteins. These include zonal occludins-1 and -2 (ZO-1 and ZO-2), and claudin-5 [35, 36]. Utilizing
brain EC through benchtop work allows researchers to re-create complex 3D environments and
contribute to our understanding on how they contribute to vascular remodeling and BBB
breakdown. In addition to controlling differentiation and promoting quiescence, EC are critical for
healing the neuronal niche following ischemic damage. Specifically, EC promote NSC survival
through Notch signaling regulated growth factor secretion. Growth factors, including vascular
endothelial growth factor (VEGF), can stimulate neurogenesis, demonstrating that the NSC lie
directly adjacent to the vasculature in an inter-dependent manner, ultimately promoting NSC
homeostasis and survival [22].
2.2.3 Pericytes
PC are microvascular mural cells that are instrumental to vasculogenesis, the process of
new blood vessel formation during embryonic development, and vascular stability. PC enact their
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roles in neurovasculature development and integrity maintenance through direct contact with
microvascular EC and exchange of soluble factors between the two cells, where the highest density
of PC (EC:PC ratio 1:1) is in neural tissues [37] [38]. PC are capable of expressing proteoglycans,
specifically chondroitin sulfate proteoglycan 4, and other extracellular matrix proteins. They are
known to support the structure of the microvasculature and provide signals necessary for the
differentiation of plastic cells within the SVZ [37]. There is no universal marker to identify PC,
rather they are typically recognized by their co-expression of multiple markers and absence of EC,
fibroblast, leukocyte, and smooth muscle cell specific markers. Positive identifying markers for PC
include chondroitin-sulfate proteoglycan neuron-glial antigen 2 NG2, platelet-derived growth
factor-beta (PDGFβ) receptor, and CD13 – a type II membrane metalloprotease (MMP) that is
specific for brain pericytes [39]. PC markers may be downregulated during various stages of
development and location within organs, suggesting a heterogeneity among PC. PC heterogeneity
is correlated with specialized function required for vascular homeostasis in specific
microenvironments [20, 39].
PC respond to EC secreted PDGFβ, where PDGFβ receptor is functionally involved in PC
recruitment during angiogenesis [39, 40]. PC promote neurovasculature maturation and are
influenced by transforming growth factor-beta (TGF-β) to regulate cell proliferation,
differentiation, and survival. Secretion of TGF-β by EC is elevated following ischemic stroke,
indicating that the injured brain may induce mural cell expansion in order to promote
neovascularization and repair [41]. Primary rat brain PC in co-culture with mouse brain capillary
EC have exhibited both induction and up-regulation of microvascular integrity. This was
demonstrated by a decrease in permeability to sodium fluorescein, where the enhancement of
integrity was inhibited when TGF-β activity was neutralized via antibody binding. This suggests
that brain PC contribute to BBB maintenance through TGF-β production [42].
Although PC are present in the SVZ niche, their role is poorly understood. The contractile
nature of PC is known to regulate blood flow in ex vivo cerebellar brain slices and retina
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preparations, however the mechanisms driving regulation of capillary tone and blood flow in the
SVZ remain unknown [39]. Recent work in mouse models suggests that type-B NSC send
projections that ensheath PC on SVZ capillaries may indirectly regulating capillary blood by
activating purinergic receptors on PC. Despite their ambiguous role, PC are known regulators of
oxygen and glucose, directly impacting niche cell proliferation and metabolic changes within the
environment [27]. Continued studies investigating the signaling mechanisms involved in PC
regulated blood flow are critical for a better understanding of the neuronal niche.
2.2.4 Microglia
Microglia are resident immune cells known to maintain brain homeostasis. These cells
monitor the microenvironment by responding to injury through the secretion of cytokines and
phagocytosing cellular debris at the site [43, 44]. Within minutes following stroke, the brain tissue
surrounding the core contains activated microglia that accumulate within the lesioned cavity [45].
Microglia are detected using Iba-1 and Mac-2, markers for cells of myeloid origin and
activated/proliferating resident microglia, respectively. Flow cytometry provides the ability to
distinguish between residential and infiltrating microglia and myeloid cells, defined by low and
high expression of cell surface marker CD45, respectively. However, the stability of this marker
during pathological state is in question [46].
Microglial activation is triggered by ischemic stroke, where endogenous neuronal-glial
interactions are disrupted, leading to upregulation of proinflammatory cytokines. CD200, a
transmembrane glycoprotein expressed on neurons, and its receptor expressed on myeloid cells,
modulate microglial activation under homeostasis, promoting quiescence until the occurrence of
injury. Following stroke, CD200 gene transcription in the ischemic hemisphere is decreased [45],
facilitating alternative activation of microglia. In addition, following injury the quiescence of
microglia is also disrupted through a decrease in neurons secreting the cytokine fractalkine
(CX3CL1). ATP release from dying neurons, as well as monocyte chemotactic protein-1 (MCP-1)
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secretion from surrounding brain cells, induce chemotaxis and migration of microglia to the
ischemic area [45].
Following tissue damage, changes in microglia migration patterns, cell surface protein
expressions, and functions are observed. Motility of microglia towards injury site is seen within
minutes. Microglial polarization promotes the development of two phenotypes: M1 or M2. M1 is
a classical proinflammatory activation phenotype, increasing pro-inflammatory mediators
including TNF-α, IL-6, IL-1, nitric oxide, and proteolytic enzymes including MMP-3 and MMP-9.
M2, an alternative activation, releases anti-inflammatory mediators including IGF-1, TGF-B, IL10, IL-4 and IL-13 [45]The fine-tuned balance of M1 and M2 are offset by stroke. Identifying
microglia of each subpopulation can contribute understanding of functional changes post stroke
[45].
The proinflammatory mediators associated with the M1 phenotype can be detrimental to
injured brain tissue. MMPs breakdown the extracellular matrix (ECM) and BBB post stroke. This
adverse effect is diminished using an MMP knock out mouse model, demonstrating less neuronal
injury post ischemia. In addition, TNF-α is rapidly up-regulated in the brain following injury within
1 hour after induction of ischemia [47] and inhibition of this pleiotropic cytokine has been displayed
in studies to be neuroprotective [48]. Microglia thereby play a detrimental role in the acute phase
by exacerbating the inflammatory phase.
Recent evidence suggests that activated microglia may actually provide benefits to the SVZ
following stroke by orchestrating brain tissue repair. Following cerebral ischemia in transgenic
mice, a resident proliferating microglia population presents an endogenous pool of neurotrophic
molecules, including IGF-1, where activated microglial proliferation peaks 48-72 hours post injury
[46]. At 72 hours post-ischemic injury, resident microglia undergo proliferative expansion and
neutrophil infiltration is diminished, suggesting that microglia are resolving the acute inflammatory
phase of repair and promoting reparative environmental remodeling [49]. Stimulating microglial
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proliferation can thereby be explored as a therapeutic tool in order to assess the neuroprotective
properties of these resident immune cells.
2.3 Role of the Extracellular Matrix
The ECM compromises 20% of the brain tissue volume and presents structural and
functional proteins that are necessary for cellular function [50]. Brain-specific ECM varies in
density and composition, as well as association with specific neuron types within different areas of
the brain. Areas with mature synaptic activity show densely packed areas, known as perineuronal
nets, directly impacting neuronal activity in this tight network [51]. The ECM comprises the
basement membranes that support epithelia and vascular EC. The BBB contains an endothelium
basement membrane in addition to a parenchymal basement membrane. Under normal conditions,
these two basement membranes are closely in contact. The parenchymal basement membrane is
formed by astrocytes and creates a barrier for leukocyte migration into the brain parenchyma. The
anatomical location between EC and astrocytes regulates barrier function, provides physical
support and anchoring for cells, and contains ligands that regulate cell processes and signaling
through integrin and ECM receptor interactions.
There is a bidirectional relationship between cells and ECM proteins, where ECM proteins,
once secreted, interact with cells to both induce and maintain the regulatory properties of this barrier
system [52]. These proteins include collagen, fibronectin, laminin, tenascin, and proteoglycans,
interacting closely with EC, astrocytes, PC, and microglial, which secrete these proteins post stroke.
Many tissue engineering strategies aim to expose cells to an environment within a scaffold that
possesses biological ECM-derived molecules to drive cellular function [53].
The general structure of the ECM includes a variety of macromolecules including
proteoglycans and fibrous proteins, each of which are expressed to different degrees in tissues
throughout the body. For example, more than 20 distinct collagens have been identified which are
expressed differentially in specific tissues based on mechanical requirements of the area. Laminins
demonstrate multiple isoforms, synthesized by a variety of cells in a tissue specific manner,
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expressing explicit α, β, and γ chains. The effect of laminin on adjacent cells is exerted through
integrins that recognize laminins, heightening the role of laminin mediating cell-ECM interactions.
Laminin 2, specifically, promotes neurite outgrowth from neural cells, where laminin 5 and 10 are
seem predominantly in the vascular basement membrane to mediate adhesion of platelets,
leukocytes, and EC. The tenascin family, a group of glycoproteins with strikingly diverse
expression patterns, possess complex domain structures, implying the molecule can interact with
multiple ECM proteins. Tenascins are not expressed in normal adult tissues, however, under
pathological conditions, including injury induced neovascularization, tenascin-c is expressed.
Proteoglycans, heavily glycosylated proteins consisting of a core protein with covalently attached
glycosaminoglycan chains, are grouped into several families, characterized by their composition.
For example, decorin, a key member of a leucine-rich repeat proteoglycan family, is involved in
signal transduction via EGF receptor. It is involved in modulation and differentiation of epithelial
and endothelial cells, and also interacts with TGF-β. The heparin sulphate proteoglycans have high
affinity bonding to a range of cytokines and growth factors, including FGF and VEGF, implying a
key role in pathological processes including the modulation of cell migration, proliferation, and
differentiation. MMPs, the main ECM enzymes with proteolytic degradation potential, are
responsible for the constant ECM remodeling, facilitating the synthesis and deposition of new ECM
proteins and thereby plays an essential role in tissue repair and cell metastasis. At homeostasis, the
adult brain has very little MMP expression and activity, though is the microenvironment is rapidly
altered when activated by cytokines and growth factors that trigger tissue remodeling [54]. Overall,
this intrinsically complex ECM system is essential for normal development as well as response to
disease and injury, consequently there is an intricate interplay between resident cells and this
matrix.
2.3.1 ECM-Stem Cell Interactions
ECM components supply a microenvironment that promotes the maintenance of stem cell
homeostasis, dictated by signals derived by both ECM-cell interactions and soluble factors.
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Integrins, a family of heterodimeric transmembrane receptors connecting extracellular
environments to intracellular cytoskeletons, are key receptors that facilitate cellular processes
including migration and differentiation. Integrins and cell presented matrix receptors mediate a
number of interactions by activating downstream signaling. As an example, integrins directly
activate downstream signaling through focal adhesion kinase (FAK) and phosphoinositide 3-kinase
(PI3K), thereby regulating self-renewal and proliferation of cells including hematopoietic stem and
progenitor cells. Epithelial cells in the brain express high levels of α6 and/or β1 integrins, which
heterodimerize in order to generate a laminin receptor [55]. In particular, α6β1 integrin facilitates
cell binding to laminin and is required for NSC adhesion to SVZ blood vessels, where adult SVZ
progenitor cells express α6β1 receptor. Blocking this receptor inhibits adhesion to EC, negatively
impacting SVZ progenitor cell proliferation in vivo, and highlights the importance of these integrin
mediated interactions [22]. In addition, integrins can bind directly to laminin, collagen, and
fibronectin, and to cell-surface adhesion molecules including intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), both present in the stem cell niche.
In addition to integrins, cadherin molecules mediate both cell-cell adhesions and
interactions with cytoskeleton-associated proteins. Scaffold proteins β-catenin and α-catenin can
interact with intracellular domains of cadherins, thereby connecting cadherins to the cytoskeletal
network and forming stable adherens junctions by clustering cadherin molecules. E-cadherin,
expressed by ependymal cells in the SVZ, forms adherens junctions between ependymal cells and
NSC. When eliminating E-cadherin in vitro, NSC self-renewal is reduced as seen in vivo by
disrupting E-cadherin through mutations in areas where NSC specifically reside [56]. NSC use both
cadherin and integrin to interact with the niche and exploiting the necessity of these adhesion
molecules can aid transplantation approaches [57].
The ECM can regulate stem cell activity by non-canonical growth factor presentation. It
both avidly binds growth factors, regulating their local availability, and functions as a reservoir,
making growth factors unavailable and insoluble. By capturing FGF-2 from the milieu, the ECM
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of the NSC niche in the SVZ promotes growth factor activity in the niche and regulates the
neurogenic niche. Thereby, the ECM is extremely dynamic in its response to regulating stem cell
maintenance and activity by providing and controlling access to growth factors in the milieu [58].
Due to the important role of ECM proteins in cell survival and function, many ECM
moieties have been incorporated into engineered scaffolds as a strategy for creating
microenvironments that promote neuronal regeneration [59]. Within biomimetic polymer scaffolds,
presentation of laminin, collagen, or fibronectin to MSC in culture demonstrates that laminin, in
contrast to fibronectin or collagen, is a strong promoter of neuronal differentiation. Laminin also
positively impacts neurite length and the formation of a growth cone, the structure that drives axon
extension, through integrin-dependent signaling. Laminin-211 can both increase and decrease
neurite extension due to the affinity of integrin binding, demonstrating its ability to drive precise
and complex integrin mediated pathways [53, 60]. While the entirety of the laminin protein has
been used in investigation matrix derived cell function, isolated laminin derived peptides are
responsible for specific cell function. Laminin derived peptides, including and Tyr–Ile–Gly–Ser–
Arg (YIGSR) and Ile-Lys-Val-Ala-Val (IKVAV) sequences, are responsible for outgrowth of
dorsal root ganglion neurons, and are widely utilized in a variety of polymeric based scaffolds [53].
The use of a scaffold to guide cell survival and differentiation in vivo includes incorporation of
ECM components or derived peptides. As one example, the inclusion of fibronectin derived ArgGly-Asp (RGD) to poly-(ethylene glycol) (PEG) hydrogel systems illustrates improved human
MSCs cell survival in vitro. [61]. Human plasma fibronectin and human plasma fibrinogen
demonstrate enhanced survival of cells and increased cell metabolic activity in vitro when
encapsulating human MSCs in fibronectin or fibrinogen containing hydrogel capsules, most likely
due to integrin clustering and activation of extracellular signaling cascades such as the mitogen
activated protein kinase cascade [62]. Thereby, the use of ECM proteins can enhance therapeutic
cell survival in vivo by triggering native cell pathways.
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2.3.2 ECM Following Stroke
Following stroke, basement membranes of the BBB are degraded. New ECM proteins are
deposited, either by secretion of ECM proteins, or leakage of plasma proteins into the CNS.
Degradation of basement membranes after stroke demonstrates notable changes at later time points
after injury, for instance, 12-18 hours after MCAO in a rat model, although changes in cell
presented matrix receptors occur within a few hours. Degradation occurs through proteolysis,
mainly by MMPs and plasmin, where these are up-regulated and activated following pathological
conditions such as stroke [52]. MMP-9, synthesized by both macrophages as well as EC, is present
within and at the periphery of infarct within 24 hours, thereby creating a significant disturbance to
BBB integrity following stroke. These degradation pathways are correlated with increased BBB
disruption, as well as secondary inflammation and edema and the promotion of vascular
permeability [63].
As an inherent method of tissue repair following stroke, ECM proteins are deposited or
penetrate the CNS to recover the structure of the microenvironment. In particular, osteopontin
(OPN), a secreted glycosylated phosphoprotein, binds receptors that act on several cell types, and
is expressed in neurons, macrophages, and astrocytes. Following stroke, OPN is upregulated around
the infarct zone, and appears to be beneficial after ischemic insult. In rat pups, OPN injections are
correlated with reduction in infarct volume and improvement in functional recovery following
ischemia [52]. Fibrinogen, a major plasma protein involved in blood coagulation, cannot normally
penetrate the CNS parenchyma due to the BBB. In stroke, however, fibrinogen can occlude blood
vessels and leak in the brain, forming deposits and potentially increasing inflammation. In order to
remove fibrin to re-establish blood flow, enzymatic degradation by plasmin as well as MMP-2/9
activity is mechanistically helpful. [52]. Considering the alteration of the ECM composition in
response to BBB disruption and the direct impact on neurologic disease are functionally important
when considering ECM functions in physiology and disease pathology.
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2.4 Cell-based Therapies
Cell therapies have demonstrated some ability to induce spontaneous recovery following
stroke and can promote endogenous neurogenesis [64]. Current methods of cell therapy include
exogenous, autologous, and allogenic cell delivery into experimental stroke models, each
presenting their own set of advantages and drawbacks. Exogenous cell therapy, in which cells are
derived from a source external to the stroke, has demonstrated impact on cell migration, survival,
and differentiation which subsequently promote functional recovery in animal models. However,
these transplanted cells may induce an immunogenic response. An alternative to exogenous cell
therapy is the use of autologous cells, which avoids the risk of rejection. This therapy presents its
own challenges, though, as limited access to these cells often requires in vitro expansion, which
may delay treatment. Allogenic cell therapy, or transplanting stem cells from a genetically similar
donor, is potentially the most successful method of cell transplantation. The use of allogenic cells
presents advantages of reduced immunogenicity, in addition to being readily available. Of note,
ongoing research is still required in order to improve patient selection regarding eligibility for
allogenic based therapy [64]. Stereotaxic implantation, a minimally invasive surgical method
relying on exact 3D coordinate anatomical systems, is challenging due to time constraints, where
lesion size varies greatly over time and from patient to patient. Intravenous (IV) delivery, a noninvasive delivery route, can overcome this set back, though there is a lack of a direct pathway of
cells to the ischemic area. Although intra-arterial (IA) delivery can deliver cells to the peri-infarct
area directly, occlusion of the target artery that persists can create a blockade for a route of delivery
while also compromising survival of delivered cells [64]. Interestingly, there is a lack of evidence
that IA delivery is superior to IV when delivering bone derived mesenchymal stem cells to a mouse
stroke model. With no difference in functional or structural outcomes detected [65], the ideal route
of administration to optimize the effect of cell therapy, in particular that of stem cells, remains a
matter of debate.
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Stem cells can be used in stroke therapies to dynamically respond to a stroke damaged
tissue, in which stem cells have phenotypic properties that allow direct interaction with the host
environment. Engrafted stem cells, unlike terminally differentiated cells, can respond dynamically
to temporal and spatial changes of the environment that follow ischemic injury [64, 66, 67].
Delivery of stem cells to a brain-injury site has effectively reduced lesion size and host cell death.
Additionally, successfully delivered stem cells have the potential to replace lost circuitry by
forming new synaptic contacts. Even the use of stem cell xenografts in animal models has been
shown to decrease infarct area, promote expression of the neuronal proteins such as synaptic
proteins, and restore synaptic activity. In fact, stem cells can also strengthen existing synapses [14,
68], promoting enhanced signaling among uninjured neurons. Further, an induction of host brain
plasticity has been observed following exogenous cell engraftment. In this context, increased levels
of factors, including fibroblast growth factor (FGF) and brain derived neurotrophic factor (BDNF),
that induce angiogenesis resulted in successful integration of transplanted cells with the host
circuitry, as well as increased neovascularization and recruitment of endogenous progenitors [14,
28].
The use of cell therapy requires collaboration between neurologists and engineers to create
new and effective delivery methods. Cellular behavior manipulation and induction are explored to
enhance cell state prior to and after delivery [69]. The approaches utilized for cell transplantation,
including the control of differentiation and proliferation, are necessary to provide insight for ex
vivo models that address relevant biological questions regarding SVZ cell interactions.
Fundamental considerations include the cell type, cell number, and delivery vehicle and route.
2.5 Limitations to Successful Cell Therapy
The major restriction to successful transplantation of neural cells into the stroke damaged
area has been the survival of exogenous cells, which ranges from 1-32% [70]. Cell survival is
compromised by delivery mechanisms that increase distorting force during syringe needle flow
such as pressure drop, shearing and stretching forces [71]. Viscosity and composition of delivery
49

fluid contribute to cell distribution in solution and shear forces applied to cells during delivery.
Additionally, sedimentation in carrier fluid becomes a limiting factor in successful cell delivery,
causing the first partial injection volume to contain more cells than those delivered later. In order
to achieve precise cell suspensions and cells with minimal damage, cellular delivery methods are
the focus of innovation and optimization in stroke recovery therapeutics [71, 72].
The BBB and CSF barrier pose limitations to delivering therapeutics to the brain.
Established delivery methods can be invasive, causing further damage to the ischemic area.
Although systemic, intravenous delivery methods can be non-invasive, they often lead to an
accumulation of cells in clearing organs, including kidney and spleen, rather than the brain.
Targeted intracerebral cell injection can be applied directly to the peri-infarct region, however the
multiple injections required to deliver adequate numbers of cells can cause further damage to the
already injured tissue [44]. With minimal damage to an already fragile environment, invasive
approaches are unfavorable due to the threat of further disruption of tissue and the BBB. Recent
advances take these limitations in current therapeutic strategies into account, focusing on
development of minimally invasive and non-damaging injections or delivery routes.
Biomimetic strategies face obstacles when considering clinical translation due to the fact
the optimal cell type for transplantation therapy has not been determined. The use of stem cells is
impacted by ethical issues, where fetal and embryonic derived cells can create controversy.
Generating an abundance of cells that maintain and recapitulate stemness is a challenge that limits
the use of other cell types. Just as it has been seen with direct implantation and delivery of stem
cells, many restrictions impact the success of these new therapies. First, the stroke injured brain
may compartmentalize areas of damaged tissue, creating a physical barrier to therapeutic deliveries.
Stroke injured brains also contain varying degrees of necrotic, avascular tissue, limiting access to
systemic delivery of materials and cells through the vasculature. The variation in injury observed
from person to person in each stroke occurrence causes significant difficulty in normalization of
therapeutic methods. Due to the high variability of tissue damage and resultant function between
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patients, there is a lack of a standardized way to quantify both the severity and recovery of the
disease. To form an effective therapy, these ambiguities must be addressed to formulate a common
language that can measure functional outcomes in stroke trials
2.6 Biomaterial-based Biomimicry
We have detailed the importance of native and remodeled microenvironments in the SVZ
and their role in driving cell function. The resident cell types have been described in addition to the
ways these cells interact and impact one another. Both direct and indirect interactions with ECM
molecules impact cell behavior, providing biomimetic scaffolds the opportunity to regulate cell
behavior by modifying scaffolds to provide cues that cells in the host environment would have [53].
Together, knowledge of SVZ cells, exogenous cells, and the ECM molecules that control cell fate
and maintain the SVZ niche, tissue engineers can create biomaterials to produce a bio-replicative
system that may improve experimental and therapeutic approaches.
Ideally, direct implantation of a biomaterial into the stroke damaged area would promote
cell adhesion and survival, cellular cues for healthy tissue development, and induce the recovery
of the damaged ischemic core. Here, we discuss critical scaffold attributes required to facilitate
post-stroke healing in the brain, and two classes of biomaterials that have been demonstrated
advantageous for brain repair: synthetic and natural materials.
2.6.1 Considerations for Development of an Ideal Scaffold
The goal of a biomimetic scaffold is to facilitate neural tissue regeneration and functional
recovery following stroke. A scaffold must promote survival and proliferation of transplanted cells
within the damage site, engage healthy interaction with endogenous cells, and promote the recovery
of damaged neural circuitry. The mechanical and physical properties of a biomaterial impact the
administration of the scaffold, the target injection site, and endogenous/exogenous cell response.
Solid scaffolds must present a compressive modulus allowing for cell survival rather than
promoting tissue stress and damage upon implantation. A decrease in NSC proliferation in 3D
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alginate scaffolds is correlated with an increase in the material modulus, where the greatest
differentiation expression was attributed to the softest hydrogels. These soft hydrogels possess an
elastic modulus comparable to brain tissue (100-1000 Pa) [73]. In addition to mechanical
constraints, the initiation of the cellular and molecular cascade following transplantation must be
considered. A biocompatible material is one that can coexist with living tissues without eliciting a
local and systemic immune response in host tissue. Biocompatible materials do not promote a
foreign body response, do not produce cytotoxic effects to the milieu, and limit the inflammatory
and immune reaction in the brain [4]. Byproducts from biomaterial degradation can be bioactive,
influencing the surrounding environment and affecting both host and transplanted cells, thereby
producing detrimental effects. Photopolymerization processes, which are crosslinking reactions
that occur with light exposure, are often used for hydrogel production, however these reactions can
lead to the formation of free radicals that compromise cell survival. Polymers that can polymerize
at physiological conditions, dependent on temperature or pH, avoid these potential toxic effects
[44]. Consideration of how biomaterials will interact with host tissue is critical to contribute to
functional recovery of both the infarct area and surrounding tissues.
Scaffold degradation over time to create or restore neural circuitry in stroke-damaged
tissue. Degradation allows for integration of transplanted cells into the cavity. There is a fine
balance between supporting cells during transplantation and controlling the rate of degradation.
Injectable biomaterials, including hydrogels, are attractive candidates for stroke injury lesion
cavities, which vary in size and morphology between patients. Hydrogels that structurally fill the
cavity space and induce repopulation of cell depleted tissue space can be advantageous, if the
mechanical properties are controlled in a manner that avoids further damage to the lesion cavity
caused by increased intracerebral pressure with large volume of hydrogel injection. In fact, Modo
et. al. observed that microglia and astrocytes were able to infiltrate an ECM hydrogel where cell
infiltration allows for a repopulation of host cells and ECM remodeling [74]. While bulk hydrogel
implantation into infarcted and lesion cavities has demonstrated some benefit, implantation of
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microencapsulated biological moieties has also demonstrated promise around stroke recovery and
repair. Microencapsulation techniques in which cells are encapsulated in approximately 95
microsphere diameter polymeric hydrogel spheres can be used to control the microenvironment an
implanted cell is initially exposed to, thereby maintaining proper function of the cell type. In
particular, is the maintenance of cell function is applicable to the SVZ niche where the
cytoarchitecture organization is important to maintaining cellular and biochemical cues [75].
Growth factor incorporation into biomaterials can contribute to creating biomimetic
microenvironments. As one example, growth factors, including IGF-1, that are encapsulated into
gelatin microspheres, promoted increased endogenous neurogenesis in the SVZ of adult mice.
Hepatocyte growth factor containing microspheres also increased neuroblast migration from the
SVZ to the stroke-injured tissue in the same model [76]. FGF-2 in heparin-chitosan scaffolds
demonstrates sustained survival and growth of NSC, where these multifunctional, biocompatible
microspheres are optimized for NSC grafting [77]. The use of stem cells and growth factors in
conjunction with biocompatible and degradable scaffolds shows high potential to create a
microenvironment that promotes functional recovery following injury. The use of 2D polymer
scaffolds has been advantageous as a means of exploring conditions for optimal cell growth and
survival, for probing cell-surface interactions, and for trialing manipulations of the
microenvironment that are impactful to cell response. In fact, such models that have been used to
deconstruct the SVZ niche include the presentation of FGF covalently attached to a network of
polyamide nanofibers. The scaffold maintained biological efficacy of FGF-2, strongly activating
FGF receptors [78]. In addition, EGF tethered to poly(methyl methacrylate)-graft-poly(ethylene
oxide) promotes MSC spreading and survival around the biomaterial [79]. These advantageous
promote the use of 2D polymeric substrates as bioreplicative constructs is a method of optimizing
conditions for cell culture prior to advancement to 3D replicates of the SVZ niche. In a 2D model,
cell-cell adhesions are confined to a horizontal plane, while a 3D model allows for adhesions on all
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sides. A 3D environment constrains cells to an artificial niche, enabling dynamic variation or
continuous remodeling, which are not capable in a 2D monolayer model.
Elastic, polymeric scaffolds make an ideal candidate for neurosurgical techniques to
deliver scaffolds to the SVZ. While the goal is to fill the stroke cavity with a pliable and tunable
scaffold which resembles mechanical properties of the native environment that will temporarily
replace lost tissue, the material must also promote the infiltration of new and healthy cells. Ratderived NSC vary their cellular fate depending on the hydrogel stiffness, stressing the importance
of biomaterial mechanical properties on differentiation potential [80]. Stiffness and diffusion
capacity must be carefully assessed prior to scaffold delivery to avoid detrimental effects to
surrounding tissues in addition to differentiation to undesired cellular fates.
2.6.2 Synthetic Polymeric Materials
Synthetic biomaterials enable direct control of key properties, including degradation rate,
material stiffness, and protein incorporation. Cell incorporation in combination with these materials
calls for careful observation of cell-scaffold interactions, consequently allowing for control of cell
processes such as differentiation, morphological formation and extension to ultimately enhance
connectivity in the ischemia area [44].
2.6.2.1 Poly-(ethylene glycol)
PEG is a biologically inert, non-toxic polymeric material, presenting excellent
biocompatibility and resistance of protein adsorption. The mechanical properties of PEG depend
on its molecular weight, as increasing the chain length of PEG increases stiffness and viscosity
[81]. PEG can be chemically modified by tethering peptides or proteins through cross-linking
reactions. Due to its inert nature, the incorporation of biologically active peptides cell-adhesive
peptides, such as RGD and YIGSR, promotes cell attachment to the material [82]. PEGylation, the
process of attaching PEG polymer chains to molecules and macrostructures, changes the chemical
and physical properties of the material [83], making PEG a highly used polymer in a broad spectrum
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of tissue engineering applications. PEG-based microspheres modified by adhesive sequence RGD
and metalloproteinase sensitive sequence have been utilized to encapsulate murine neural stem cells
and brain endothelial cells, demonstrating 60-80% cell viability, cell spreading, and migration
through the scaffold [75].
To observe PEG as a candidate for neural repair and recovery, degradation characteristics
as well as delivery of both cells and growth factors are under investigation. As one example, varying
mass profiles of PEG were examined. The astrocyte response varied with degradation rate, where
slowly degrading/non-degrading gels display a prolonged astrocytic response. Astrocytes extended
their processes into the hydrogel, where microglia infiltrated the hydrogel and facilitated the
enzymatic process. Hydrogels decreased acute microglial response during the week following
implantation, suggesting PEG based materials are beneficial for CNS delivery for both drugs and
cells [84]. In addition, PEG-based hydrogels with increased lactic acid content and encapsulated
neural cells, including postmitotic neurons and multipotent precursor cells, demonstrate an increase
in cell proliferation and survival, establishing an advantage of rendering PEG materials as
degradable in order to be relevant to neural cells delivered to the stroke injured brain [85]. Delivery
of EGF using modified PEG hydrogels demonstrates a significant increase in tissue penetration as
well as endogenous NSC and progenitor cells in the SVZ when delivered to the ventricles of the
brain. PEG modification in this way decreased EGF degradation by proteases, allowing for a greater
protein accumulation in surrounding tissues, penetrating deeply into the tissues, seen in both the
healthy and stroke injured mice brain [86]. Thereby, these studies provide support for the use of
PEG as a highly adaptable and tunable scaffold to be utilized for delivery of both cells and growth
factors in stroke repair applications.
2.7 Mimicking Stroke In Vitro
The primary cause of neurological damage post stroke is neuronal damaged caused by
ischemic conditions and reperfusion injury. Ischemia can limit the supply of oxygen and glucose
to the brain and has detrimental effects on cell survival. Typically, mimicking stroke-like conditions
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in vitro utilizes an oxygen glucose deprivation (OGD) environment. Through these conditions,
NSC respond to stress signals similar to how they would in the cytotoxic, damaged brain in vivo.
OGD is induced by removal of oxygen and glucose or via chemical or enzymatic inhibition of
metabolism. For removal of oxygen, the normal O2/CO2 medium is replaced with
N2/CO2 equilibrated medium, and cells are maintained in a hypoxic chamber, and for removal of
glucose, glucose free medium is used. The exposure to OGD may vary, and experiments may allow
for a re-oxygenation period to stimulate the reperfusion stage in transient ischemia in vivo.
It has been demonstrated that diffusible secreted signals from EC can increase survival,
proliferation, differentiation, and migration of SVZ NSC both in vitro using an OGD model and in
vivo during ischemia [87-89]. Such factors include BDNF and VEGF upregulated in response to
injury [12, 90] In addition, NSC have been shown to proliferate and differentiate during hypoxic
conditions [90-92]. While it is known soluble factor secretion of EC play a role in promoting NSC
survival during OGD, the mechanism as to how EC may play a role during solely glucose
deprivation has been poorly investigated. In fact, there evidence that glucose deprivation is the
detrimental factor during OGD, as neurons and neural progenitor cells have shown a reduction in
cell viability without glucose in the presence of oxygen [92, 93].
2.8 NSC Migration in Response to Injury
In addition to a need for therapeutics to address endogenous cell viability, platforms by
must support, and if not, enhance, native cell migration. During injury, NSC from the SVZ, the
largest area pool of proliferating NSC in the adult brain, become activated. For NSC to differentiate
into the functionally specific cell types that comprise healthy brain tissue, they must first migrate
rostrally into the OB. This process is dependent upon signaling from microvascular EC and PC
within the SVZ, ultimately directing NSC along the rostral migratory stream (RMS) to the OB.
This pathway is dictated by homophilic and vasophilic migration, where chains of migrating NSC,
known as neuroblasts, use each other’s somas to cluster and for a chain migration. NSC use blood
vessels to guide vasophilic locomotion, although the exact mechanisms that guide neuroblast
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migration along vessels without direct contact to EC are not fully understood. Neuroinflammation
following injury induces upregulation of chemokines and growth factors including CXCL12,
monocyte chemoattractant protein-1 (MCP-1), VEGF, and BDNF. EC secretion of CXCL12 as
well as angiopoietin-1 secretion from remodeling blood vessels after lesion initiate NSC migration
[18]. Although many EC secreted factors have been characterized, the release of chemokines and
growth factors by PC during this migration has yet to be elucidated.
In addition, it is unknown as to how vascular signaling cues promote NSC to cluster into
their migratory phenotype. A study by Klingener et al. conducted proteomic analysis to distinguish
SVZ proteins present during injury. These proteins played roles in progenitor cell proliferation,
adhesion, and migration, such as N-cadherin. N-cadherin is upregulated in response to injury, where
injury simulates increased levels of heparin-binding epidermal growth factor (HB-EGF). This
activates EGF receptor (EGFR), that leads to disintegrin and metalloproteinase domain-containing
protein 10 (ADAM10) activation [94]. ADAM10 is responsible for the shedding of N-cadherin,
and this cleavage allows for exposure of the homophilic binding site on NSC. N-cadherin cleavage,
therefore, allows for neural progenitor cytoskeletal rearrangement and polarization, and ex vivo
data from this group suggests N-cadherin-mediated cell polarization is a prerequisite for directional
migration. There is a need for further investigation as to how vascular cells play a role in the
cleavage of N-cadherin. Understanding how vascular cells can direct NSC migration and promote
their clustering can improve current therapeutics by encouraging NSC transition into this promigratory state.
2.9 Motivation for Work
There is a great need for a therapeutic against neurological diseases, particularly stroke.
Although stem cell therapies in theory have a plethora of benefits, their delivery to an injured
environment is a significant challenge. To overcome the limitations of our current delivery systems,
researchers can use the intricate coupling of neurogenesis and angiogenesis to complement
implantation of NSC. Specifically, EC and PC are known to impact the BBB prior to and post
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injury, and their proximity and interactions via cell-cell contact and soluble secretion are under
investigation. The insight gained from probing the mechanisms by which EC and PC can support
NSC functionality can revolutionize the status of delivery vehicles to promote functional recovery
following ischemia.
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Chapter 3: Endothelial cell secreted metalloproteinase-2 enhances neural stem cell Ncadherin expression, clustering, and migration
Portions of this chapter were printed with permission from Matta et al. 2021[95]
3.1 Abstract
Neuroblasts have a clustered phenotype critical for their unidirectional migration, which in part is
dependent on signaling from microvascular endothelial cells (EC) and pericytes (PC). Diffusible
signals secreted by vascular cells have been demonstrated to increase survival, proliferation, and
differentiation of subventricular zone resident neural stem cells (NSC); however, the signals that
promote the necessary initiating step of NSC clustering are undefined. To investigate the role of
vascular cells in promoting NSC clustering and directing migration, we created a 3-D hydrogel that
mimics the biomechanics, biochemistry, and architectural complexity of brain tissue. We
demonstrate that EC, and not PC, have a crucial role in NSC clustering and migration, further
verified through microfluidic chamber systems and traction force microscopy. Ablation of the
extended NSC aggregate arm halts aggregate movement, suggesting that clustering is a prerequisite
for migration. When cultured with EC, NSC clustering occurs and NSC coincidentally increase
their expression of N-cadherin, as compared to NSC cultured alone. NSC presented N-cadherin
expression was increased following exposure to EC secreted metalloproteinase-2 (MMP2). We
demonstrate that inhibition of MMP2 prevented NSC N-cadherin surface expression and
subsequent NSC clustering, even when NSC were in direct contact with EC. Furthermore, with
exogenous activation of EGFR, which serves as a downstream activator of N-cadherin cleavage,
NSC form clusters. Our results suggest that EC secretion of MMP2 promotes NSC clustering
through N-cadherin expression. The insight gained about the mechanisms by which EC promote
NSC migration may enhance NSC therapeutic response to sites of injury.
3.2 Introduction
In the subventricular zone (SVZ), there are three types of neural stem cells (NSC) that are
responsible for tissue homeostasis and response to injury - type A, B, and C. In healthy conditions,
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type B cells are quiescent NSC that intricately contact the ependymal cells that line the lateral
ventricle. These cells are also directly in contact with endothelial cells (EC) and pericytes (PC) that
compose the vasculature [22]. The contacts between NSC and resident cells enable NSC to receive
soluble signals and environmental cues from both the lateral ventricle, the circulating blood, and
the microvasculature itself. During the acute phases of brain injury, activated type B cells give rise
to proliferating type C cells, ultimately generating type A cells, known as migratory neuroblasts
[96, 97]. As injury persists, neuroblasts migrate towards the olfactory bulb (OB) as a cluster. NSC
aggregates travel via a clustered chain-like migration, through a network of interconnecting paths
that converge to give rise to the rostral migratory stream (RMS) [22, 98, 99]. Migrating NSC are
ensheathed by glial fibrillary acidic protein positive astrocytes [100] which enclose neural cells that
are positive for doublecortin, a microtubule-associated protein required for migration [101]. Once
NSC have migrated to the OB, they differentiate into interneurons, which allows them to directly
repair the injured and indirectly signal for additional cell contribution to tissue remodeling and
repair. In total, the ability of NSC to migrate through the RMS pathway, differentiate at the OB,
and promote repair to damaged tissue highlights their importance in endogenous repair
mechanisms.
Neural and vascular interactions are highly coupled and dependent upon each other.
Specific to the brain, NSC intricately interact with EC and PC in the neural niche, likely due to the
uniquely high density of EC:PC (1:1) in the brain’s microvasculature [22, 102]. The abundance of
EC and PC in this region suggests that soluble and insoluble signal exchange between vascular
cells and NSC are necessary for function in both healthy and pathological states. In fact, in the
healthy neural niche, EC promote NSC self-renewal, inhibit NSC differentiation [103], and
maintain NSC quiescence via direct cell contact [104]. Recently, we demonstrated that co-delivery
of encapsulated NSC and EC to the non-injured mouse brain maintained NSC quiescence both prior
to and post-delivery [105]. By harnessing the ability of EC to enhance NSC functionality,
investigators have developed methods to improve stem cell delivery strategies, further
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strengthening the hypothesis that vascular cells may regulate important NSC function as an
effective therapeutic approach to neural injury and disease recovery.
While we understand that EC have a specific role in the regulation of NSC proliferation,
activation, and differentiation, to date, several gaps remain in our understanding of vascular
regulation of NSC migration. Broadly, vasophilic guidance is known to direct NSC migration
through the RMS. The vasculature is arranged parallel to the NSC migration route, allowing
neuroblasts to directly follow vascular EC and PC, using microvessels to guide vasophilic
migration. This directional migration is regulated by chemoattractants secreted by vascular cells,
including vascular endothelial growth factor (VEGF) which activates VEGF receptor 2 [106, 107]
and stromal cell-derived factor-1 (SDF-1) which in turn activates C-X-C motif chemokine receptor
4 [108, 109]. Neuroblast clustering occurs though NSC-NSC homotypic and heterotypic gap and
adherin junction binding [98, 99]. These junctions allow NSC to guide one another, as links in a
chain, during migration through each region of the RMS. In fact, pharmacological decoupling of
NSC adherens junction binding can halt NSC migration in the SVZ and RMS, as demonstrated by
migration experiments in explanted tissue [99]. The requirements for vascular engagement and
NSC-NSC signaling have been demonstrated to be required for efficient and functional neuroblast
migration from the SVZ. However, many of the mechanisms that initiate the distinct steps that
promote chain-like directional migration require further investigation, including, the mechanisms
that drive the initiating and necessary step of NSC clustering.
Proteomic analysis of SVZ tissue has identified multiple proteins upregulated during
injury, many of which play roles in progenitor cell proliferation, adhesion, and migration. Of these,
N-cadherin, a transmembrane adhesion molecule which mediates calcium-dependent cell-cell
adhesion, is upregulated in progenitor cells following injury. Coincidentally, injury leads to
increased levels of heparin-binding epidermal growth factor (HB-EGF) which subsequently
activates the epidermal growth factor receptor (EGFR) [94]. This results in disintegrin and
metalloproteinase domain-containing protein 10 (ADAM10) activation and shedding of
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membrane-presented N-cadherin. N-cadherin is cleaved from the cell membrane, releasing the
extracellular domain, which contains homophilic binding sites [110], thereby enhancing NSC-NSC
adhesion. Ex vivo data suggests that N-cadherin-mediated cell polarization is a prerequisite for
directional migration. This cell polarization facilitates enhanced migration out of the SVZ,
signifying a role for the EGFR, ADAM10, and N-cadherin signaling pathway in the neural
reparative processes [94]. Secondary mechanisms of EGFR activation have been identified,
including activation of EGFR through the binding of matrix metalloproteinase-2 (MMP2) [111].
Because EC secrete high levels of MMP2 [105], it is likely that EC play a direct role in regulation
of N-cadherin mediated cytoskeletal remodeling that facilitates NSC clustering. Specifically, here,
we test the hypothesis that EC secretion of MMP2 activates EGFR, leading to N-cadherin cleavage
by ADAM10, NSC polarization that facilitates cluster formation, and NSC migration.
Much of the work described above and those of typical in vitro NSC migration assays use
commercially available transwell inserts; however, the stiffness of polycarbonate transwells (~2.5
GPa) [112] does not mimic the viscoelastic mechanics of brain tissue (~1,000 Pa) [113].
Mechanotransducive signaling is key to cell migration, and therefore, limits the ability to translate
the findings from transwell experiments into a corollary of the in vivo migratory processes. Beyond
mechanical properties, transwells contain pores of specified size with regular pore distribution,
which differs from the naturally fibrillar and porated cytoarchitecture of brain tissue. Finally,
transwells often have coatings with soluble extracellular matrix (ECM) proteins, providing a 2D
presentation of proteins that are, in vivo, presented in a matrix ligated 3D structure. To overcome
the limitations of biomechanics, biochemistry, and microenvironment architecture encountered
with the commercial transwell system, we have created a porous, fibrillar, and tunable polyethylene glycol (PEG)-based scaffold with an elastic modulus similar to that of brain tissue. Using
this engineered biomimetic scaffold, we can observe NSC migration under conditions that more
closely replicate those of the human RMS.
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Using our 3D biomimetic scaffold, we have conducted migration experiments with NSC
monoculture or NSC in the presence of vascular EC, PC, or EC and PC. Our results demonstrate
that NSC-EC cell contact and EC secreted factors promote NSC clustering and direct NSC
migration. This is in stark contrast to PC, which we demonstrate have negligible direct effect on
NSC clustering and migration. Clustering is an inherently mechanical behavior, in that cells must
coordinate cell-cell adhesion, cell-ECM adhesion and internal force generation. The latter involves
the generation of surface traction, cytoskeletal-based forces transmitted through focal adhesions
that underlie forward motion. By imaging cluster motion on compliant substrates, we show that
motion is initiated through the extension and adhesion of a leader arm that generates traction
stresses and guides forward motion.

Upon laser ablation of this arm, traction stresses are

attenuated, and motion is reduced, highlighting the importance of NSC clustering prior to
migration. We further validated these results using microchannel experiment chambers to observe
NSC clustering and migration with and without EC secreted factor accessibility. Our findings
suggest that NSC only cluster when provided access to EC secreted factors. EC secrete significantly
higher levels of MMP2 compared to NSC, which allow for increased NSC clustering and Ncadherin expression, completely diminished through inhibition of MMP2. In contrast, exogenous
EGFR activation in the absence of MMP2 activation, NSC do cluster, supporting our hypothesis
that EC secreted MMP2 can lead to N-cadherin cleavage and NSC clustering. By furthering our
understanding by which vascular cells promote NSC migration, we can enhance the state of current
therapeutic approaches for NSC delivery in injury models.
3.3 Materials and Methods
3.3.1 Cell maintenance
Established adherent neural cell lines (ANS4; kindly provided by S. Pollard) cultured in serum-free
basal medium were supplemented with N2, B27, laminin, and 10 ng/mL EGF and FGF-2. GFP
transfected ANS4s (NSC-GFP) were used to recognize ANS4 in co-cultures [114]. The
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immortalized mouse brain endothelial cell line (bEND.3, ATCC) was cultured according to
manufacturer’s protocol, using DMEM, 10% fetal bovine serum and 1x Penicillin/Streptomycin.
We assessed the purity of bEND.3 through flow cytometry to verify EC are CD31+/VE-Cadherin+
and VE-Cadherin+/CD45- (Supplemental Figure A1.1). Fibroblast growth factor-2 (FGF-2), present
in NSC media, has been demonstrated to stimulate EC function to increase proMMP2 and stimulate
MMP activation [115], thereby we are utilizing activated EC when cultured in NSC media to mimic
injury. The mouse brain vascular pericytes cell line (MBVP, ScienCell) were cultured according to
manufacturer’s protocol using Pericyte Medium (PM, Cat. #1231). For ANS4, bEND.3 (EC), and
MBVP (PC), culture medium required changes three times weekly and maintenance at 37°C in 5%
CO2 atmosphere. PC temporarily dyed with PKH26 red fluorescent cell linker kit (Sigma)
according to manufacturer’s protocol distinguished cells in co- and tri-culture experiments.
3.3.2 Scratch assay
NSC-GFP, EC, and PC were cultured in 12 well plates at a density of 100,000 cells/ml and
maintained in NSC media. Co-cultures of NSC+EC and NSC+PC, and EC+PC had a 1:1 cell ratio
maintained in NSC media. Tri-cultures of NSC+EC+PC had a 1:1:1 cell ratio maintained in NSC
media, with PKH26 dyed PC. Following 24 hours, a scratch using a 10-microliter pipette tip and a
ruler was created down the middle of every well that allowed for imaging at 0, 24, and 48-hour
time points (3 images/well). To quantify percent closure using ImageJ, we calculated ((initial
distance - final distance)/ initial distance) x 100. In addition, we quantified the number of NSC
clusters formed and cluster area produced using ImageJ.
3.3.3 Polyacrylamide gel preparation
Traction force microscopy (TFM) experiments were carried out on polyacrylamide (PA) gels that
were polymerized onto 25mm diameter coverslips. Briefly, the coverslips were treated with a
combination of aminopropylsilane (Sigma Aldrich) and glutaraldehyde (Electron Microscopy
Sciences) to make the surface reactive to the acrylamide. The ratios of polyacrylamide to bis-
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acrylamide for the gels used were 7.5%:0.03% and 7.5%:0.1% to yield gels with an elastic modulus
(E) of E=0.7 kPa and 2.8 kPa, respectively. A concentration of 0.05% w/v ammonium persulfate
(Fisher BioReagents) and 20nM beads (Molecular Probes) were embedded in the gel mixture prior
to polymerization. 15 µl of the gel solution was added to the coverslip and covered with another
coverslip, which was made hydrophobic through treatment with Rain-X®. The gels were
polymerized on the coverslips for 30 minutes at room temperature, then reacted with the standard
1mg/ml Sulfo-SANPAH (Thermo Fisher Scientific). The surface of the gels was then coated with
fibronectin (F002, Sigma-Aldrich) at a 1mg/ml concentration. The reaction proceeded for 12 hours
overnight incubated in the dark, and the coverslips were rinsed and stored in 1X PBS.
3.3.4 Aggregate preparation
NSC aggregates were prepared from confluent cell cultures using a suspension-spinning method.
Aggregates ranging from 40 to 200 μm in diameter are obtained from 5 ml of cell suspension in
CO2-equilibrated culture medium at a concentration of 4×105 cells per mL in 25 ml Erlenmeyer
flasks, which were placed on a gyratory orbital shaker at 75 rpm at 37°C for 5-10 hours. The flasks
were pretreated with 2% dimethylchlorosilane in chloroform to prevent adhesion of cells to the
glass surface.
3.3.5 Traction force microscopy
TFM was used to measure the forces exerted by cells on the substrate. Time-lapse confocal imaging
of small NSC aggregates were performed for 12 hours on 0.7kPa and 2.8 kPa PA gels. “Forceloaded” images (with cells) of the beads embedded in the polyacrylamide gels were obtained using
a 20X objective (Leica Microsystems). The “null-force” image was obtained at the end of each
experiment by adding detachment enzymes to the cells for 1 hour. Images were aligned to correct
drift (StackReg for ImageJ) and compared to the reference image using PIV software
(http://www.oceanwave.jp/softwares/mpiv/) in MATLAB. The traction forces were used to
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calculate the energies of deformation (strain energies) in the substrate using the spatial distribution
of forces F and displacements x, using custom-written code by Ulrich Schwarz [116].
3.3.6 Laser ablation
Laser ablation was performed using a 435 nm laser (Andor Technology). A 20X objective (Leica
Microsystems) was used for ablation and the laser power was held at 90%. The leader cell of the
extended arm from aggregate was ablated at the leading edge at a single point. Images were
acquired before and after ablation for 1 second intervals for 16 minutes with a confocal microscope
(ANDOR, Oxford Technologies, Belfast, Northern Ireland).
3.3.7 Conditioned media studies
In a 12 well plate, NSC were cultured at a density of 100,000 cells/ml, and in a separate plate, EC,
PC, and EC+PC at a 1:1 ratio were cultured in NSC media. After 48 hours, we washed the NSC
monolayer with PBS 3x and then treated the NSC monolayer with conditioned media (CM) from
the EC, PC, and EC+PC plate. We imaged wells after 24 hours and quantified the number of NSC
clusters formed and cluster area using ImageJ.
3.3.8 Phalloidin staining
NSC fixed with 4% paraformaldehyde (PFA) were stained for F-Actin using Rhodamine Phalloidin
(ThermoFisher, 1:200), then mounted with Dapi (Vector Laboratories). Samples were imaged using
fluorescent microscopy (Leica).
3.3.9 Microchannel fabrication and experiments
The device was designed in LayoutEditor to generate spatially confining channels. Molds were
fabricated using standard SU8 lithography techniques where the photoresist was exposed to
patterned UV from the designed mask, etched and finally cleaned. To generate both channels and
media outlets, we used the mask aligner (SUSS MJB4 Mask Aligner) and a standard spin coater
for a two-step fabrication process. Then, the mask was cleaned with ethanol and air dried and a
PDMS mixture (Dow Corning 184 Sylgard®) with a ratio of 10:1 was poured into the mold and
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baked at 80°C for 2 hours. The PDMS devices were removed and cut into appropriate sizes and
punched with holes for inlets by 5 mm or 8 mm biopsy punch (Miltex). The channels created had
a width of 3 μm, height of 5 μm, and length of 200 μm. Channels are coated with laminin (10µg/ml)
for 2 hours at room temperature and cells were seeded 12 hours prior to imaging.
3.3.10 Particle image velocimetry
Particle image velocimetry (PIV) was applied in MATLAB (MathWorks®) to NSC-GFP images,
(mPIV, https://www.mn.uio.no/math/english/people/aca/jks/matpiv/) yielding displacement and
velocity vector fields.
3.3.11 Alignment calculation
The local degree of alignment was calculated between adjacent windows within 3×3 kernels. The
local nematic order is calculated for the central window in each kernel using the modiﬁed order
parameter equation, where θ is the difference in F-Actin orientation between the central window
and the 8 surrounding windows. This process is repeated for all possible 3×3 kernels over an image,
yielding a nematic director ﬁeld with deﬁned director magnitude and orientation for each window
over an image. We show the director fields in red, and n̂ is the unit direction of the vectors. Perfect
alignment between adjacent regions within an F-actin network results in an order parameter equal
to one.
3.3.12 Synthesis of zinc oxide microparticles
Zinc oxide (ZnO) microparticles formed based on established methods [117, 118] required a 1M
NaOH solution added to a 0.04M Zn(NO3)2*6H20 solution while stirring in a preheated (60°C)
mineral oil bath. Following 4 hours of the solution mixing at 100°C, the solution was filtered using
a Büchner funnel with an 11 µm pore size and dried overnight to produce ZnO microparticles.
Microparticles were then collected and imaged using Scanning Electron Microscopy (SEM, Hitachi
SU-70) at 10 kV to ensure formation of ZnO particles with a star-like morphology.
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3.3.13 Creation of porated, functionalized PEG-DA hydrogels
The synthesis of 10 kDa poly-ethylene glycol diacrylate (PEG-DA) was done using previously
established methods [82]. In brief, PEG was reacted with acryloyl chloride and trimethylamine
overnight in dichloromethane. Potassium carbonate induced a phase separation, where we then
collected and dried the organic phase with magnesium sulfate. Diethyl ether precipitated PEG-DA
that was dialyzed and lyophilized prior to use. PEG was conjugated to fibronectin and laminin using
previously described methods [119]. In brief, fibronectin (fibronectin purified protein, Sigma) was
conjugated to acryloyl–PEG–N-hydroxysuccinimide (PEG-NHS, MW 3500 Da) in a 1:250 molar
ratio in sodium bicarbonate. Laminin (laminin basement membrane, Sigma) was first dialyzed in
PBS overnight, followed by dialysis in sodium bicarbonate buffer, and then conjugated to PEGNHS in a 1:250 molar ratio. The final products were dialyzed and lyophilized prior to use.
Porated, fibrillar PEG-DA hydrogels were developed by modifying previous methods [120]. A 10%
(w/v) addition of ZnO microparticles was dissolved in PBS, vortexed, and briefly pulsed to collect
undissolved aggregates. A serial dilution of ZnO was created (1x, 3x, and 5x) and dissolved in
PBS to form a variety of templated hydrogels. The solution containing 10 mg/ml 10kDa PEG-DA,
PEG-fibronectin (1% w/v), PEG-laminin (1% w/v), and photoinitiator (1% v/v) was then casted
solution on sterile 25 mm glass coverslips in a biological hood evaporated and dried in the dark
overnight. Coverslips were then crosslinked under UV light (365 nm) for 10 minutes and rinsed
with 1 M HCl until the gels released from the coverslips, followed by multiple rinses in PBS to
remove any residual acid. Hydrogels were allowed to swell in the incubator overnight.
To characterize the morphology of the hydrogel, PFA fixation, an ethanol dehydration series, and
HDMS produced dried hydrogels for SEM. Gels were sputter coated with iridium at a thickness of
2 nm and imaged using SEM at 10 kV. Quantification of pore size and frequency distribution for
the 1x, 3x, and 5x concentration was done using ImageJ.
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3.3.14 Rheology
Mechanical properties of porated and non-porated PEG-DA gels were characterized using a
rheometer (Anton Paar MCR 302) after the hydrogels swelled overnight. The hydrogels were
placed between two 25-mm parallel plates and a strain sweep at 10 Hz with a strain ramp of 10
points/decade was conducted.
3.3.15 3D migration assay
A monolayer of EC, PC, or EC+PC cultured at 100,000 cells/ml in a 12 well plate one day prior
was maintained in NSC media. The next day, the hydrogel was held above the well using a similar
design as a traditional transwell; a custom-made laser cut acrylic holder placed at the periphery of
the bottom of the well, followed by two circular disks holding the hydrogel in between, supported
the elevated hydrogel (Supplemental Figure A1.2). NSC-GFP were added atop the hydrogel at a
seeding density of 10,000 cells per 0.4 cm2 disk area and imaged at 4 and 24 hours via fluorescent
microscopy, allowing for observation of NSC cluster formation and migration in the presence of
no monolayer, EC, PC, and EC+PC monolayer. Images were taken through all z-planes and at the
well bottom permitting for quantification of the number of NSC clusters and their area which have
migrated to the well bottom.
3.3.16 N-cadherin imaging and flow cytometry
NSC and NSC+EC cultured on laminin coated coverslips cultured at 100,000 cells/ml in a 12 well
plate. Following 24 hours, samples were fixed using PFA, blocked and permeabilized for one hour
at room temperature, and stained against N-Cadherin (Novus Bio, 1:1000) at 4°C overnight. The
following day, secondary antibodies were added for 2 hours at room temperature. Samples were
then mounted with Dapi (Vector Laboratories) and imaged using fluorescent microscopy.
For N-cadherin quantification using flow cytometry, NSC, NSC from NSC+EC, and EC, were
fixed in PFA, blocked and permeabilized for one hour at room temperature, and stained against Ncadherin as mentioned above. Accutase detaches NSC from NSC+EC co-culture without detaching
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EC. Following secondary antibody incubation for 2 hours at room temperature, flow cytometry
using an Attune Flow Cytometer was conducted and data was analyzed using FlowJo.
3.3.17 MMP2 ELISA and inhibition
Cell supernatants were collected from NSC, NSC+EC, and EC cultured in a 12 well plate at a
density of 100,000 cells/ml in NSC media after 24 hours. An MMP2 ELISA was conducted
following the manufacturer's protocol (RayBiotech) and read at 450 nm immediately following
substrate reagent incubation. To inhibit secretion of MMP2, cells were treated with Batimastat (BB94, Sigma), a widely used and specific MMP inhibitor [121, 122]. A 10 nM BB-94 concentration
treated cells cultured at a density of 100,000 cells/ml in NSC media for 24 hours. Supernatant was
collected 24 hours after treatment with BB-94. Fixation and staining for cultured cells on coated
coverslips using immunofluorescence or flow cytometry against N-Cadherin allowed for
visualization and quantification of N-Cadherin expression, as mentioned above.
3.3.18 EGFR activation
EGFR activator (NSC 228155, MedChemExpress) binds to the extracellular EGFR region and
enhances tyrosine phosphorylation of EGFR [123]. A 100 μM concentration of EGFR activator
was added to a monolayer of NSC in a 12 well plate, compared to an NSC media control. Brightfield
imaging and N-cadherin flow cytometry analysis as mentioned above were conducted 24 hours
following incubation.
3.3.19 Statistics
GraphPad Prism utilized for all statistical analysis used either a one-way or two-way ANOVAs
with levels of significance denoted as * against control. All conditions have a sample size of three
or more samples. Results graphed signify the average ± standard error of the mean, unless explicitly
stated.
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3.4 Results
3.4.1 EC promote NSC migration and clustering
We assessed NSC migration with a standard scratch assay conducted on a confluent monolayer of
NSC, EC, PC, or co-culture combinations of these cell types. NSC migration assessed over 48
hours (Figure 3.1a) allowed us to quantify the percent closure of the ~200 μm scratch (Figure 3.1b).
The culture of NSC with a GFP tag and PC dyed with PKH26 in co-and tri-cultures allowed for
each cell type to be distinguished. Our results demonstrate that NSC alone are not highly migratory,
but did proliferate rapidly over 48 hours; however, they did not fully close the scratch area (25.05%
± 3.95 closure). EC, on the other hand, proliferated rapidly and completely covered the scratch area
(100% closure, P<0.0001) within 24 hours. PC proliferated slowly and there was no statistical
difference in percent closure compared to NSC (28.36% ± 5.50, P=.9307). A co-culture of EC+PC
resulted in complete closure (100%, P<0.0001) with apparent immature tubule vessel formation
[124].
Following monoculture studies, we observed the effect of EC and/or PC cell contact on
NSC migration by culturing NSC with EC, PC, or EC+PC in a 1:1 ratio. In the presence of EC,
NSC began to cluster, and interestingly, the clusters (GFP+ NSC) began migrating towards the
scratched area (46.67% ± 3.80 closure, P<0.0001), significantly more than NSC alone (25.05% ±
3.95 closure). There is no significant difference in percent closure for NSC in the presence of PC,
as compared to NSC cultured alone at 48 hours. Consistently, in a tri-culture of NSC+EC+PC, the
scratch was completely closed. We quantified NSC cluster area (Figure 3.1c) and the number of
clusters formed (Figure 3.1d) and we see no clusters of NSC formed in monocultures of NSC.
However, in the presence of EC, there were 4.39 ± 0.72 and 8.11 ± 0.86 NSC clusters formed per
imaged area at 24 and 48 hours, respectively. This suggests that not only do EC enhance NSC
migration, but EC also promote the clustering of NSC. In contrast, there was no significant
difference in percent closure, nor the number of clusters formed for NSC+PC compared to NSC
alone at 48 hours. Consistently, in a tri-culture of NSC+EC+PC, we saw complete scratch closure
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and 1.56 ± 0.41 and 8.78 ± 1.78 NSC clusters formed at 24 and 48 hours, respectively. This
demonstrates that EC, and not PC, are necessary for promoting NSC clustering as a precursor to
NSC migration.

Figure 3. 1. NSC migration and cluster formation tracked in co-cultures of EC and PC. A)
Mono, co, and tri-cultures of NSC, EC, and PC at 0, 24, and 48 hours post scratch. Scale bar (100
μm) representative of all images. B) Quantified percent closure at 48 hours. C) NSC cluster area
at 24 and 48 hours. D) Number of NSC clusters formed at 24 and 48 hours.

3.4.2 NSC aggregates require leader cell arm to guide migration of clusters
It has been well demonstrated that individual NSC cytoskeletal rearrangement and cell
polarization is a pre-requisite for NSC migration. However, NSC clusters migration are guided by
extended cell arms. Figure 3.2a-b shows that these extended arms are initiated randomly and are
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solely responsible for the generation of traction forces during migration. These cell arms are
initiated and extended by the leader cell who bears most of the traction force load. The strain energy
density of migrating clusters on 0.7kPa and 2.8kPa stiffness substrates shows no significant
difference, indicating that for small variation in substrate stiffness, the cluster migration was not
affected (Figure 3.2c). When NSC are in the presence of EC, separated by a distance of 1000 µm
in microfluidic chambers (Figure 3.2d). NSC are drawn towards EC, and we have calculated the
aggregate maximum displacement in the direction of EC, further suggesting that EC play a role in
guiding NSC migration (Figure 3.2e). To further clarify the role of leader cell in arm initiation and
extension and cluster migration, we ablated the leader cells with a laser (Figure 3.2f). Following
ablation, the arm quickly retreats towards the cluster, where the time of retraction was captured by
imaging (frame rate: 1sec). This shows that leader cell with strong traction forces can only initiate
an extended arm, however, without any leader cell, there is no arm formation nor cluster migration
towards EC (Figure 3.2f). Lastly, clusters also seek connection with nearby clutters through leader
cell guided extending arms. We demonstrate that ablation of cell-cell contacts (connecting cell
cord) between aggregates prevents NSC aggregate migration towards EC (Figure 3.2g) suggesting
that the lead arm is essential for movement.

Figure 3. 2. NSC aggregate spreads by extending long cell arms and applying forces on the
substrate. A) Experimental setup of aggregate on PA gel to measure forces exerted. B) DIC images
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of NSC aggregate with extended cell arms in random directions, where the leader cell guides the
migration by guiding migration, as seen through the F-Actin staining and stress map. C) Aggregates
on soft (0.7 kPa) and hard (2.8 kPa) substrates have the same energy strain. D) Experimental set up
of EC and NSC separated in chambers. E) Aggregate maximum displacement in the direction of
EC. F) Ablation of leader cell of aggregate, where * is the ablation location. G) Ablation of cellcell contacts between two aggregates, where * is the ablation location. Scale bar (100 μm)
representative of all images.

3.4.3 EC promote NSC clustering but not speed
To quantify speed distribution of individual migrating cells within co-culture, we used
particle image velocimetry (PIV) on NSC-GFP in three different culture conditions: NSC,
NSC+EC co-culture, and EC, measuring cell velocity vector fields (Supplemental Figure A2.3).
NSC in an NSC+EC co-culture have no significant difference in speed compared to NSC cultured
alone (Supplemental Figure A2.2), suggesting that EC promote NSC clustering, but do not enhance
their migratory speed.
3.4.4 EC conditioned media promotes formation of NSC clusters
Direct NSC-EC interaction was determined to induce NSC cluster formation, though,
whether NSC cluster formation requires cell contact with EC or soluble factors secreted by vascular
cells remains unknown. To determine the extent to which EC secreted signals can mediate NSC
clustering, we treated NSC with conditioned media (CM) from EC, PC, and EC+PC, using NSC
media as a negative control (Figure 3.3a). Following 24 hours, we observed and quantified the
number of clusters formed (Figure 3.3b) and their cluster size (area) (Figure 3.3c). EC CM led to
the formation of significantly more NSC clusters compared to control (7.52 ± 0.79 NSC clusters
per area, cluster area of 169.6 ± 4.78 µm2, P <.0001. In contrast to NSC grown in NSC media, NSC
did not cluster when grown in PC-conditioned media (P >0.999). However, upon NSC treatment
with EC+PC CM, NSC formed significantly more clusters compared to control (4.82 ± 0.75 clusters
per area, average area of 57.24 ± 2.11 µm2, P <0.0001). Therefore, EC+PC CM facilitated the
formation of about half as many clusters that formed when NSC were cultured with only EC CM,
suggesting that EC, and not PC, secreted factors are responsible for NSC clustering. We also stained
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against F-Actin to observe the NSC cytoskeleton, and we see that NSC cultured in NSC media and
PC CM demonstrate a linear morphology of the filament. This is in stark contrast to EC CM and
EC+PC CM (Figure 3.3d), wherein the presence of EC CM, the intensity of the phalloidin stain
around NSC clusters is no longer linear. We have quantified the F-Actin alignment (Figure 3.3e)
where our results demonstrate a significant reduction in alignment for F-Actin in the presence of
EC CM and EC+PC CM. There is no difference between our control and PC CM, suggesting that
cytoskeletal rearrangement in EC+PC CM is primarily due to EC. This further demonstrates that
EC CM leads to NSC aggregate formation and changes in NSC cytoskeletal reorganization.

Figure 3. 3. EC conditioned media promotes NSC clustering. A) 10x and 20x brightfield images
of NSC with conditioned media (CM) treatment. Scale bar (100 μm) representative of all images.
B) Number of NSC clusters and C) cluster area and formed at 24 hours. D) NSC polarization
visualized through Phalloidin (red) and Hoechst (blue) staining, E) quantifying F-Actin alignment.
Scale bar (50 μm) representative of all images.
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To confirm the extent to which soluble factors can drive cluster formation and leader cellinduced migration, we created a microchannel device in which NSC and EC were separated by
microchannels (5 µm wide and 200 µm long) (Figure 3.4a). When no EC secreted factors are
present, NSC are retained as a monolayer (Figure 3.4b). However, the presence of factors secreted
from the EC led to NSC aggregation, as seen in Figure 3.4c. Due to the diffusive manner by which
the cells are exposed to EC secreted factors, the cluster formation is slowed (12 hours to 24 hours)
as compared to cells in direct contact within co-culture conditions (4 hours to 8 hours). Nonetheless,
NSC actively migrate toward the EC chambers and form clusters in the EC chambers. This suggests
that over time, EC secreted factors alone do lead to NSC clustering, even without direct NSC-EC
contact.

Figure 3. 4. EC secreted factors through microchannels promote NSC clustering. A) Set up of
microchannel device where NSC alone and NSC separated from EC. EC were cultured in the
chambers, which are separated by microchannels. B) NSC-GFP culture in one chamber with NSC
media in the other chamber observed after 12 hours. C) NSC and EC cultured in different chambers,
separated by microchannels, observed after 12 hours. Scale bar (100 µm) representative of all
images.
3.4.5 EC enhance NSC clustered migration across 3D hydrogel brain biomimetic
NSC respond to substrate stiffness by altering their differentiation state and rate of
proliferation [123]. In order to determine whether substrate stiffness would also influence NSC
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migration in the presence of vascular cells, we created a porated biomimetic hydrogel. To do this,
chemical synthesis of zinc oxide (ZnO) salts with a star-like morphology created a templated
system (Figure 3.5a) Hydrogel porosity analyzed using SEM images allowed us to visualize the
porous network of the templated hydrogel compared to brain tissue (Figure 3.5b-c), and pores were
found throughout the entirety of the scaffold (Supplemental Figure A1.3). ZnO salts added to the
PEG pre-gel solution at concentrations of 1X, 3X, and 5X led to an increase in pore size distribution
with an increase in concentration of ZnO salts, ranging from 3.82 to 11.14 μm, 2.05 to 13.10 μm,
and 4.07 to 19.39 μm, respectively. In addition, using rheology we obtained mechanical data for
the PEG hydrogels with or without ZnO templating particles at 1X, 3X, and 5X concentrations. A
non-templated 10 kDa PEG hydrogel has an elastic modulus of 23,376 ± 954.3 Pa. However, brain
tissue, one of the softest tissues in the body, has a modulus ranging from 500 Pa to 1000 Pa [125,
126]. We were able to more closely mimic brain elasticity by templating the PEG hydrogels through
the removal of ZnO salts at concentrations of 1X, 3X, and 5X, which resulted in an elastic modulus
of 2,607 ± 122.3, 1,303 ± 93.14, and 586.5 ± 11.8 Pa respectively (Figure 3.5e-f). For subsequent
studies, a concentration of 3X salts allowed us to expose cells to a range of stiffnesses similar to
that of brain tissue. In addition, we functionalized our scaffold through the addition of PEGfibronectin and PEG-laminin, two of the most abundant ECM proteins found in the brain [22]
(Supplemental Figure A1.4). Through addition of these proteins, cultured NSC can adhere to the
soft, functionalized scaffold, unlike NSC on stiffer, inert PEG hydrogel without pores; this is
demonstrated with F-actin staining (Figure 3.5g). By mimicking mechanics, architecture, and
conjugated proteins, we have more closely replicated brain tissue, as compared to standard
transwells.
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Figure 3. 5. Creation of a mimetic hydrogel for elastic brain tissue. A) Synthesis of zinc oxide
salts with star-like morphology; scale bar (10 μm). B) SEM image of brain tissue and C) templated
hydrogel; scale bar (100 μm). D) Pore diameter frequency distribution quantification. E) Elastic
moduli of templated hydrogels tabled in F. G) Phalloidin (red) and Hoechst (blue) fluorescent
images for NSC on non-templated or templated hydrogels. Scale bar (100 μm) representative of all
images.

Migration experiments conducted with our biomimetic hydrogel were done with
experimental design that is similar to that of standard transwell migration assays. In this case, we
elevate the hydrogel above a cell well and submerge the hydrogel in media. To support the
hydrogel, a custom fabricated holder was placed at the well periphery and used to elevate the
hydrogel that was stabilized between two circular acrylic rings (Supplemental Figure A1.2). Atop
the hydrogel, NSC-GFP were added with or without an EC or PC monolayer at the well bottom.
This system allowed us to observe NSC migration towards the cell monolayer after 4 and 24 hours
of incubation (Figure 3.6a). When NSC were added atop the hydrogel with no monolayer at the
well bottom, there was little cell migration observed throughout the thickness of the hydrogel at 4
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hours (images 1-4). Additionally, there were no clusters of NSC observed at the well bottom at 24
hours (left, top corner). Similarly, when a PC monolayer was cultured on the well bottom (right,
top corner), very few NSC clusters were observed at 4 or 24 hours (1.78 ± 0.24 per area, with an
average area of 558.6 ± 98.17 μm2) (Figure 3.6c-d). In contrast, the presence of an EC monolayer
at the well bottom (left, bottom corner) induced a pronounced migration of clustered NSC
throughout the gel pores at 4 hours and a significant number of clusters at the well bottom by 24
hours (17.65 ± 2.62 per area, with an average area of 1438 ± 135.3 μm2) (Figure 3.6c-d). These
results suggest that EC secreted factors are sufficient to induce NSC clustering and to induce NSC
clustered migration towards the EC monolayer. We detected NSC clusters migrating throughout
the pores of the hydrogel in the direction of the EC monolayer as seen in Figure 3.6b. In the
presence of an EC+PC monolayer (right, bottom corner) NSC formed a significant number of
clusters (7.75 ± 1.21, with an average area of 822.1 ± 116.22) (Figure 3.6c-d), which also migrated
to the well bottom by 24 hours, although not as quickly as EC alone. These results demonstrate that
EC and not PC are vascular contributors to NSC clustering and migration.
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Figure 3. 6. EC Promote NSC Migration and Clustering in 3D. A) Panel of fluorescent NSC
images from top to bottom (1-4) of hydrogel at 4 hours and bottom of well at 24 hours, with no
monolayer at well bottom (top, left), PC monolayer (top, right), EC monolayer (bottom, left) and
EC+PC monolayer (bottom, right). Scale bar (100 μm) representative of all images. B) SEM image
of NSC migrating through hydrogel pore. Scale bar (10 μm). C) NSC cluster area and D) number
of NSC clusters formed at 24 hours.
3.4.6 EC secreted MMP2 promotes NSC clustering and increases N-cadherin expression
FGF-2, present in NSC media, is known to stimulate EC function to increase proMMP-2
and stimulate MMP activation [115]. It is well established that MMP2 activates EGFR, which leads
to downstream N-cadherin cleavage. Previously, we have demonstrated EC have high MMP
activity [105]. In order to quantify MMP2 levels, we conducted an MMP2 ELISA to compare NSC,
NSC+EC, and EC secreted levels of MMP2 (Figure 3.7a). NSC+EC had a significantly higher
MMP2 secretion than NSC alone (P=0.0049). In addition, EC secrete more MMP2 than do NSC
(P<0.0001). Following MMP2 quantification, we then assessed N-cadherin expression via
immunofluorescent staining of NSC and NSC+EC (Figure 3.7b). N-cadherin is intensely stained
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on the perimeter of the NSC clusters that were formed in co-culture with EC. Minimal staining of
N-Cadherin was observed on NSC that were cultured alone. Flow cytometry was used to quantify
N-cadherin expressed by NSC alone, NSC from the NSC + EC co-culture, and EC alone. NSC in
co-culture with EC have significantly higher N-cadherin expression as compared to NSC that were
cultured alone (P=0.0299), suggesting that EC secreted MMP2 may enhance N-cadherin
expression on NSC (Figure 3.7c).
To verify that MMP2 plays a role in this pathway, we treated cells with MMP2 inhibitor,
Batimastat (BB-94) (Figure 3.7d), noting a significant reduction in secretion compared to control
(P <0.0001). We immunostained for N-cadherin with immunofluorescence for NSC and NSC+EC
(Figure 3.7e), where we visualize the difference in N-cadherin intensity between NSC+EC with
and without BB-94. Inhibition of MMP2 prevents NSC clustering while in culture with EC. NSC
from NSC+EC have no significant difference in N-cadherin expression compared to NSC alone
(Figure 3.7f), stressing the importance of EC secreted MMP2 for NSC clustering and N-cadherin
expression.
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Figure 3. 7. EC secreted MMP2 promotes NSC clustering and increases NSC N-cadherin
expression. A) MMP2 ELISA for NSC, NSC+EC, and EC cell supernatants 24 hours after culture.
B) Immunofluorescent images against N-cadherin (red) and Hoechst (blue) for NSC alone and
NSC+EC co-culture (bottom). C) N-cadherin quantification using flow cytometry for NSC, NSC
from NSC+EC co-culture, and EC. D) MMP2 Elisa for NSC, NSC+EC, and EC cell supernatants
following 24 hours with BB-94 (MMP2 inhibitor). E) Immunofluorescent images against Ncadherin (red) and Hoechst (blue) for NSC alone and NSC+EC co-culture (bottom) following 24
hours of BB-94 treatment. F) N-cadherin quantification using flow cytometry for NSC, NSC from
NSC+EC co-culture, and EC following 24 hours of BB-94 treatment. Scale bar (50 μm)
representative of all images.
3.4.7 EGFR activation enhances NSC clustering and N-cadherin expression
EGFR-dependent N-cadherin signaling is necessary for neural progenitors in the SVZ to
respond to injury cues and to promote repair. To assess whether EGFR is necessary for NSC
clustering, without MMP2 activation, we activated a monolayer of NSC with an exogenous EGFR
activator. Following 24 hours of activation, NSC clustered, similarly to the clustering seen during
direct NSC-EC contact or NSC treatment with EC CM, and in contrast with the NSC control, which
did not cluster (Figure 3.8a). N-cadherin expression on NSC was significantly higher with EGFR
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activation compared to NSC inactivated control (P=0.0004), as seen in Figure 3.8b. This result
indicates that EGFR signaling may stimulate N-cadherin cleavage and activation, allowing NSC to
undergo cytoskeletal rearrangement.

Figure 3. 8. EGFR activation enhances NSC clustering and N-cadherin expression. A) NSC
treated with NSC media (control) and EGFR activator for 24 hours, imaged at 10x and 20x
(bottom). B) N-cadherin expression quantified with flow cytometry for control and EGFR activated
NSC. Scale bar (100 μm) representative of all images.

3.5 Discussion
There is currently no effective long-term solution to repair tissue and promote motor
recovery following stroke. In order to advance therapeutic approaches to neurological disorders
and diseases, researchers are actively investigating the SVZ neurogenic niche as a source of
proliferating NSC that interact directly with neural vasculature [22]. In fact, it is through direct
interaction with the vascular bed and ventricle that SVZ-resident NSC are activated to migrate the
long distance along the RMS to the OB, where they then differentiate into neurons and induce
endogenous repair mechanisms. Although many chemoattractants and chemorepellents are known
to regulate migration of NSC to the olfactory bulb, the exact mechanism by which NSC cluster and
migrate along the RMS remains unknown.
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In the current study, we investigate the role of microvascular EC and/or PC in promoting
NSC clustering, and thereby migration, via cell-cell contact and/or soluble factor secretion. Using
a 2D scratch assay we demonstrate that NSC form clusters when in direct contact with EC and
when treated with EC conditioned media. To further validate that the pronounced NSC migration
in the presence of EC is not due to cell proliferation, we measured NSC speed in mono- and cocultures. Interestingly, we see that NSC alone versus NSC in the presence of EC have no significant
difference in cell speed, as seen by the vector velocity fields calculated. Although several vascular
chemoattractants have been determined to promote directional NSC migration, such as VEGF [106]
and SDF-1 [108] our results suggest that EC do not enhance the rate of NSC migration, but rather
facilitate the initial clustering step of chain migration.
In addition, using microchannels, we observed the stark difference in NSC morphology
when EC secreted factors are available through the microchannels, where NSC begin to form
aggregates. Interestingly, NSC clustering does not occur in the presence of PC, which is to our
knowledge, the first time PC and EC have been shown to have different impacts on NSC. Notably,
the EC-induced NSC clustering was increased as an effect of NSC co-culture with EC+PC,
suggesting that PC heighten the effect EC on NSC aggregatory behavior. Clustering requires NSC
polarization and F-actin cytoskeletal reorganization. In fact, an increase in F-actin disorder results
in actomyosin contractility or a change in rigidity of the cell cortex. Within the microchannels,
NSC stretch their lengths and becoming extremely elongated, and alterations in these properties
may be advantageous towards the clustering of NSC. This would be critical in the establishment
of a leader cell, in that the cell must stretch and deform over large distances and generate large
traction stresses to guide forward motion.

Thus, EC-mediated changes in cell mechanical

properties may be essential for the initial step in cluster formation.
To date, numerous platforms have been utilized to mimic NSC migration in the brain.
Biologic biomaterials consisting of ECM proteins can create complex, mimetic matrices that can
promote NSC migration. For example, Crapo et al. demonstrated that central nervous system84

derived ECMs can promote differentiation of NSC into neurons, suggesting ECM scaffolds can
facilitate postinjury healing[127]. Also, in vitro models of the NSC-vascular niche that incorporate
brain vasculature and the ECM microenvironment allowed NSC to reduce neuronal generation
while promoting NSC differentiation [128]. In addition, Ghuman et al. have characterized and
delivered a porcine bladder-derived ECM into a rat stroke cavity, inducing cell invasion and
promoting structural remodeling of the lost tissue [129]. These studies provide support that the
presence of ECM proteins can directly impact NSC function. The mechanics of biologic scaffolds
have also directly impacted NSC differentiation [130, 131], stressing the importance of native brain
mechanics for neural cell maintenance and differentiation. However, although ECM materials have
shown effective for delivery to the stroke-inured brain, as well as their influence on NSC
differentiation, a scaffold which is porous and fibrillar is necessary to allow for the observation of
cell migration. Typically, in vivo migration can be observed for NSC in the RMS by labeling neural
progenitors with dyes, allowing for time-lapse imaging. For in vitro migration, a standard
polycarbonate transwell is often used which allows for the culture of mono-or bi-layers on
respective sides of the membrane. Although the transwells can be coated by factors, such as
collagen, fibronectin, and laminin, this 2-D coating is not representative of the fibrillar protein
microenvironment NSC access in vivo. In addition to the limitations in the biocomposition of
transwells, they also are extremely stiff compared to soft brain tissue, where mechanical properties
can directly impact NSC migration and differentiation. Furthermore, these membranes do not allow
for time-lapse imaging. To overcome these limitations and to mimic migration more closely in 3D, we have created a brain-mimetic hydrogel that encompasses the brain stiffness, biocomposition,
and porous nature. By leaching of chemically synthesized ZnO salts, we obtain a distribution of
pore sizes throughout a 3-D structure to better mimic tissue, especially when compared to the
porosity of a standard transwell insert, which has a pore size of 8 µm with no pore size variability.
Using a hydrogel in place of a traditional transwell, we visualize in real-time NSC migrating in
clusters when an EC monolayer is present at the well bottom. The migration of clustered NSC
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toward the EC monolayer was not as enhanced with an EC+PC monolayer, further suggesting that
EC promote NSC clustering and migration, while PC do not. Although we do not see PC play a
direct role in this phenotypic switch, PC may play an indirect role in vivo which requires future
investigation.
The role of MMP activity is under investigation for its role in enhancing brain cell response to
tissue injury. It is known that MMP substrates include cell adhesion molecules that must be cleaved
to influence cellular function [132]. MMP production by EC, triggered by angiogenic growth
factors, is a critical component during angiogenesis during normal and pathological conditions that
allows for cells to migrate appropriately [115]. Under injury-like stimuli, MMPs mediate ECM
degradation and dissociation, and EC secreted MMPs are critical for promoting the invasiveness of
gliomas. Studies have demonstrated that cell invasion and migration is enhanced by MMP9
secretion by EC, suggesting a direct relationship between MMP levels and cell migratory rate [133].
In fact, the observation of molecular mechanisms regulating cellular communication of sensory
neurons with EC has further demonstrated that MMP2 and MMP9 protein concentration and
enzymatic activity are upregulated when ECs are co-cultured with sensory neurons [134]. This
heightens the interconnectivity of angiogenesis and neurogenesis; neural and vascular cultures
together play a role in inducing ECM remodeling in response to injury, which allows for cell
migration. Recently, we have demonstrated that EC exhibit high MMP activity, and it is well
established that the angiogenic factor FGF can stimulate EC MMP production [115]. MMP2 by
activated EC has caused an enhanced migration of neuroblasts, diminished using a MMP inhibitor
[135]. EGFR signaling has proven to be vital for progenitor cells to migrate during pathological
conditions, where EGFR in the SVZ can be activated by HB-EGF [94] allowing for N-cadherin
cleavage and activation. N-cadherin cleavage was found to be a prerequisite to migration [94], and
because EGFR can be activated by MMP2 as well, we investigated if EC secreted MMP2 plays a
role in NSC clustering and migration. It is evident that enhanced NSC clustering and increased Ncadherin expression occurs when in the presence of EC, and both these effects were diminished
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with the use of an MMP2 inhibitor, suggesting the role of EC in promoting this behavior.
Interestingly, there is an increase in both NSC clustering and N-cadherin expression using an
endogenous EGFR activator, validating the role of MMP2 in activating EGFR to promote Ncadherin cleavage.
In summary, we demonstrate for the first time that EC-secreted MMP2 promotes NSC
presented N-cadherin expression, thereby allowing NSC cytoskeletal polarization, cell clustering,
and migration. Although stem cell therapies in theory have a plethora of benefits, their delivery to
an injured environment is a significant challenge. In order to overcome the limitations of current
delivery systems, researchers can use the intricate coupling of neurogenesis and angiogenesis to
complement implantation of NSC. The identification of signaling pathways that can promote the
migratory phenotype of NSC can significantly enhance our current NSC delivery systems to include
pro-migratory stimuli, thereby designing efficient cell strategies for brain repair.
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Chapter 4: Minimally Invasive Delivery of Microbeads with Encapsulated, Viable and
Quiescent Neural Stem Cells to the Adult Subventricular Zone
Portions of this chapter were printed with permission from Matta, Lee, et al. 2019 [1]
4.1 Abstract
Stem cell therapies demonstrate promising results as treatment for neurological disease and
injury, owing to their innate ability to enhance endogenous neural tissue repair and promote
functional recovery. However, delivery of undifferentiated and viable neuronal stem cells requires
an engineered delivery system that promotes integration of transplanted cells into the inflamed and
cytotoxic region of damaged tissue. Within the brain, endothelial cells (EC) of the subventricular
zone play a critical role in neural stem cell (NSC) maintenance, quiescence, and survival.
Therefore, here, we describe the use of polyethylene glycol microbeads for the coincident delivery
of EC and NSC as a means of enhancing appropriate NSC quiescence and survival during
transplantation into the mouse brain. We demonstrate that EC and NSC co-encapsulation
maintained NSC quiescence, enhanced NSC viability, and facilitated NSC extravasation in vitro,
as compared to NSC encapsulated alone. In addition, co-encapsulated cells delivered to an in vivo
non-injury model reduced inflammatory response compared to freely injected NSC. These results
suggest the strong potential of a biomimetic engineered niche for NSC delivery into the brain
following neurological injury.
4.2 Introduction
The subventricular zone (SVZ) is one of the two germinal regions in the adult mouse brain
where neurogenesis occurs. The SVZ is prominent on the lateral wall of lateral ventricles (LVs),
and is characterized by a highly organized and vascularized microenvironment [22, 136]. Neural
stem cells (NSC) interact with endothelial cells (EC) and vascular pericytes (PC) that line the wall
of infiltrating blood vessels and deliver blood borne and secreted factors [137, 138]. NSC
interactions with the vasculature and LVs are responsible for maintaining brain homeostasis and
facilitating appropriate response to injury, particularly in the context of neurogenesis following
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stroke. It is well-established that the interactions between NSC and EC regulate NSC proliferation
and quiescence through ephrin-B/EphB signaling [34] and Notch signaling [33], respectively.
Under normal homeostatic condition, EC prohibit NSC differentiation and promote a quiescent
state 4. However, following neurovascular injury, such as stroke, EC junctions and extracellular
matrix (ECM) are disturbed by oxygen and glucose deprivation resulting from the loss of cerebral
blood flow. Consequently, damaged EC are unable to regulate typical NSC function, resulting in
enhanced NSC proliferation and neuronal differentiation [139]. Despite the activation of NSC,
endogenous repair mechanisms are insufficient to foster recovery and functional replacement of
damaged neurons.
Stem cell therapies are currently considered a viable opportunity for replacement of lost
neural populations and restoration of neural circuitry following injury. However, current therapies
require improved engraftment strategies for better cell survival, which in turn can help expedite
and enhance the generation of new cells in the cytotoxic area following cerebral ischemia [140,
141]. To address these limitations, tissue engineering advances provide a promising platform to
facilitate the recovery of damaged tissue [1]. Recently, hydrogel scaffolds were designed to
enhance stem cell delivery, taking into consideration the biocompatibility, biodegradation, and
mechanical stresses associated with integration of cells to a hydrogel [142-145]. As demonstrated
by these efforts, effective tissue engineered approaches to improve behavioral and functional
recovery must promote exogenous cell survival and transplantation, while promoting endogenous
repair mechanisms.
Here, we have created a polyethylene glycol (PEG)-based scaffold for NSC and EC
encapsulation and delivery into the mouse SVZ for cell engraftment into host tissue. PEG, known
for its bioinert nature, can be chemically modified by immobilizing biologically active peptide
sequences from the ECM to promote cell interactions ex vivo, thereby supporting cell adhesion
among other cell functions [82, 119, 146]. The tunable nature of polymeric platforms facilitates the
engagement of multiple cell types. Two of the most abundant ECM proteins in neural tissue are
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fibronectin and laminin [141], where the fibronectin derived peptide arginine–glycine–aspartic
acid-serine (RGDS) and laminin derived peptide tyrosine-isoleucine-glycine-serine-arginine
(YIGSR) have each demonstrated the ability to support cell adhesion of EC and NSC, respectively
[82, 147]. In this study, we have conjugated these adhesive peptides to PEG at high efficiency to
promote dual-cell adhesion. To facilitate degradation of PEG in vivo, we have also conjugated the
degradable

sequence

glycine-glycine-leucine-glycine-proline-alanine-glycine-glycine-lysine

(GGLGPAGGK; LGPA) which is susceptible to degradation by cell-secreted collagenases [147,
148], allowing for the extravasation of encapsulated cells and promoting exogenous cell integration
within host tissue.
In the present study, we have created and optimized the generation of cell-encapsulated
PEG microbeads with PEG-YIGSR and PEG-RGDS to support both mono- and co-culture systems
of NSC and EC. Importantly, we demonstrate that EC enhance NSC survival and maintain NSC
quiescence within our co-culture system, in vitro. Furthermore, EC accelerate the degradation of
PEG microbeads through proteolytic MMP activity, facilitating the escape of NSC from the
microbeads. Consistent with our in vitro results, we found that co-encapsulated NSC and EC
delivered to the murine SVZ in the microbeads retained NSC quiescence and accelerated microbead
degradation. Moreover, cells encapsulated within microbeads diminished immune cell infiltration
and increased the number of endogenous SVZ neural stem and progenitor cells, following their
delivery in vivo, as compared to freely injected cells. Our work provides strong evidence that
engineered PEG-based mimics of the neurovascular niche may serve as a valuable delivery device
for cell therapies in response to neurological disease.
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4.3 Results
4.3.1 Addition of 0.25% Pluronic is Optimal for Microbead Diameter Constraint and
Encapsulated Cells
Using an oil emulsion technique, we produced microbeads with a mean diameter of 100-150 μm
while maximizing the number of encapsulated cells. Using polymer and photochemicals in an oil
emulsion, we obtained a microbead diameter of 264.1 ± 20.81 μm with 181.4 ± 12.1 cells
encapsulated per bead. To achieve microbeads of our target size with encapsulated cells, we
incorporated Pluronic, a PEG-based and cell compatible surfactant, at various concentrations: 0.1,
0.25, and 0.5% (v/v) (Figure 4.1a), yielding a mean diameter of 191.5 ± 8.70 μm, 150 ± 25.38 μm,
and 100.9 ± 3.23 μm, respectively (Figure 4.1b). With increased concentration of Pluronic, the
mean bead diameter decreases significantly (Figure 4.1c). Using a comparable starting cell
concentration, 0.1, 0.25, and 0.5% (v/v) concentrations of Pluronic facilitated the encapsulation of
126.8 ± 6.79, 111.7 ± 8.76, and 39.5 ± 2.17 cells, respectively (Figure 4.1d-e). A 0.25% Pluronic
addition was chosen for in vitro and in vivo experimentation in subsequent studies, yielding
microbeads with a mean diameter of ~150 μm, containing ~112 cells encapsulated per bead, thereby
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meeting our size constraint for adequate oxygen delivery to the core of the microbead.

Figure 4. 1. Creation and Optimization of Cell-Encapsulated Microbeads. A) Brightfield
images of NSC encapsulated in microbeads (top row) and nuclei stained with Hoechst (bottom
row), demonstrating influence of Pluronic concentrations from 0 to 0.5% additions. B) Microbead
mean diameter for varying Pluronic concentration (n=3). Values tabled in C. D) Cells
encapsulated per bead for varying Pluronic concentrations (n=3). Values tabled in E. Error bars
represent SEM. Scale bar (50 µm) representative of all images. * p≤0.05, ** p≤0.01, p≤0.001,
and **** p≤0.0001 compared to 0% Pluronic determined by 1way ANOVA with multiple
comparisons.
4.3.2 Co-encapsulation of EC and NSC Promotes NSC Quiescence and Enhances NSC
Viability
Delivery of NSC in an undifferentiated, quiescent state is critical for NSC to respond
properly to injury. EC induce NSC quiescence through Notch signaling as an effect of cell-to-cell
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contact [29]. To determine the optimal ratio of NSC:EC for co-encapsulation, a seeding curve was
conducted for 4 different ratios: 100:0, 75:25, 50:50, and 25:75, distinguishing NSC from EC in
live culture by using GFP transfected NSC (Figure 4.2a). Mean fluorescence intensity (MFI) of
Ki67+ NSC was determined through flow cytometry (Figure 4.2b). NSC:EC ratios of 100:0 and
75:25 produce a MFI of 368.7 ± 55.97 and 312 ± 78.5, respectively. However, a 50:50 seeding ratio
significantly reduces MFI to 105.4 ± 5.0. In this way, Ki67+ NSC are reduced approximately 3fold. Although a seeding ratio of 25:75 results in the greatest reduction of proliferating NSC, there
is not a significant difference in MFI between the 50:50 and 25:75 seeding densities. In addition, a
seeding density of 25:75 would diminish the effective goal of delivering an abundance of NSC, as
a 25:75 ratio construct would be majority EC. From this point on, studies were conducted at a 50:50
encapsulation ratio of NSC: EC.
Once our encapsulation density was optimized, we evaluated NSC proliferation via
immunostaining for NSC marker Sox2 and proliferative marker Ki67 (Figure 4.2c). For mono- and
co- encapsulated microbeads, we quantify proliferating NSC as Sox2+Ki67+ cells, normalized to
the total number of Sox2+ cells (Figure 4.2e). One day following encapsulation, we observed a
Sox2+Ki67+/ Sox2+ ratio of 70.41 ± 3.57 and 62.07 ± 1.19 proliferating NSC in the mono-and coculture system, respectively. Importantly, by day 3, we observed a reduction of Ki67+ NSC in the
co-culture to 40.23 ± 2.19 compared to NSC alone, with a proliferating population of 68.76 ± 2.52.
This significant reduction of proliferating NSC in the co-culture is maintained by day 7, where the
mono-and co-culture present 70.72 ± 3.49 and 31.53 ± 4.65, respectively, suggesting that NSC
maintain a non-proliferative, quiescent state in the presence of EC.
Another major limitation to successful stem cell delivery is survival of transplanted cells
in the cytotoxic and inflamed brain tissue [44]. To probe NSC viability in mono- and coencapsulated microbeads, we stained for apoptotic marker cleaved caspase-3 (Figure 4.2d)
quantifying Sox2+Caspase-3+ cells normalized to Sox2+ cells to assess NSC viability (Figure 4.2f).
One day following encapsulation, the ratio of cell viability in mono and co-cultures was 70.73 ±
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4.18 and 73.50 ± 0.81, respectively. However, by day 3, NSC encapsulated alone had a significant
decrease in viability to 58.51 ± 3.01 compared to the co-culture viability of 72.92 ± 2.48. Similarly,
at day 7, NSC alone presented a significant decrease in viability to 53.62 ± 3.25 compared to the
co-culture viability of 81.27 ± 3.75, suggesting EC play a role in promoting NSC viability.

Figure 4. 2. Co-encapsulation of EC and NSC Promotes NSC Quiescence and Enhances NSC
Viability. A) NSC:EC seeding density depicting brightfield (top row) and GFP-tagged NSC
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(bottom row) at 4 different ratios B) Quantification for cell mean fluorescence intensity for Ki67 +
NSC 4 different ratios of NSC:EC determined through flow cytometry (n=3). C) Fluorescent
images of NSC mono- and co-culture (left and right panel, respectively), stained for Sox2, Ki67,
Hoechst, and merged. Imaged at 1, 3, and 7 days (top, middle, bottom panel, respectively) with
quantified Sox2+Ki67+cells in E (n=3). D) Fluorescent images of NSC mono- and co-culture
stained for cleaved caspase-3 with quantified Sox2+Caspase3- cells in F (n=3). Error bars represent
SEM. Scale bar (50 µm) representative of all images. *p≤0.05, *** p≤0.001, ****p≤0.0001
determined by an unpaired t test.
4.3.3 EC MMP Activity Facilitates Degradation of Microbeads
Cell extravasation from the scaffold and integration into the host tissue is necessary post-delivery.
The incorporation of the collagenase-sensitive peptide LGPA renders microbeads specifically
susceptible to degradation by cell-secreted MMPs. The LGPA peptide has a cleavage site between
leucine and glycine, demonstrating specificity only to collagenase degradation [149, 150]. To
assess the effect of cultured media (CM) on degradable microbeads, CM of either NSC, NSC and
EC, or EC were added to degradable microbeads (Fig. 3a). Changes in microbead morphology and
integrity with NSC CM resembled microbeads in PBS, demonstrating no change in shape of the
beads, however that of EC CM demonstrated a bead hallowing effect and surface erosion within
24 hours. NSC and EC CM began to promote microbead morphological changes within 48 hours.
(Figure 4.3a). This suggests CM with EC-secreted MMPs accelerated microbead degradation and
that the use of a co-encapsulated cell construct would be beneficial for cells to escape the beads at
a faster rate than NSC encapsulated alone.
To further assess MMP activity, in situ zymography was performed using a fluorescein salt
conjugated to gelatin, where gelatin serves as a target for collagenases. MMP-2 and -9 degradation
[151]. Quantification of cell enzymatic activity was determined through the mean fluorescence
intensity normalized to cell number, subtracting background. The gelatin substrate containing

95

quenched fluorogenic molecule demonstrated a robust and significant proteolytic activity of EC
(22.93 ± 1.18) compared to NSC (0.92 ± 0.10) (Figure 4.3b-c).

Figure 4. 3. EC MMP Activity Facilitates Degradation of Microbeads. A) Degradable
microbeads in PBS, collagenase, NSC culture media (CM), NSC+EC CM, and EC CM, at 0, 1, and
2 days. Arrows point to areas of microbead surface corruption. B) In situ zymography with no cells
(control), NSC, NSC and EC and EC monolayers. Cells stained with Hoechst (top row) are
incorporated into an agarose gel with fluorescein gelatin to detect cell secreted MMPs (middle
row), quantified in C) using ImageJ (n=3). Error bars represent SEM. Scale bar (50 µm)
representative of all images. **p≤0.01 determined by an unpaired t test.

96

Interestingly, NSC with EC demonstrated proteolytic activity in a linear fashion compared
to the two cell types alone (13.26 ± 0.77), suggesting EC are the major contributor to MMP activity
in the co-culture condition. These data suggest that EC are necessary to facilitate NSC extravasation
from the engineered microbead and into the host tissue.
4.3.4 EC Accelerate Quiescent NSC Extravasation from Microbead in Vivo
The transplantation strategy of microbeads is depicted in Figure 4.4a with injection
parameters outlined in Figure 4.4b. A needle stab injury was used to cause direct injury to the
cortex, corpus callosum and striatum. This intracerebral injection induced an alignment of Iba1+
microglial cells and GFAP+ astrocytes along the needle tract (Supplementary Figure A2.2). For
delivery of the NSC, encapsulated mono-, co-cultures, or freely injected cells were prepared on the
day of implantation. A total of ~1x104 cells encapsulated in microbeads were stereotaxically
transplanted into the striatum (coordinates: 0.75mm anterior and 1.5mm lateral to the bregma, and
2.5mm ventral) of adult male mice (8-10 weeks old). To observe the response of microglia and
tissue macrophages to grafted encapsulated cells, no immunosuppressive drug treatment was
administered to mice prior to injection. Importantly, when we analyzed the brain slices at day 2,
we found that the microbeads encapsulated with co-cultures were completely degraded, allowing
for NSC to migrate into the surrounding tissue (Figure 4.4c). Notably, the microbeads loaded with
monoculture remained intact, supporting the observation that EC expedite microbead degradation
(Figure 4.3). Additionally, consistent with our in vitro results (see Figure 4.2), delivered NSC
remained quiescent (GFP+/Sox2+/Ki67-) when encapsulated with EC, whereas those encapsulated
alone were increasingly dividing/proliferating (GFP+/Sox2+/Ki67+; Figure 4.4d).
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Figure 4. 4. EC Accelerate Quiescent NSC Extravasation from Microbead. A) Schematic
overview depicting the transplantation target site (striatum) in the adult mouse brain for control,
free cells, and cell encapsulated microbeads with transplantation parameters outlined in B. C)
Confocal images of GFP-tagged NSC and Hoechst mono- and co-cultures encapsulated in
microbeads to observe cell extravasation at 2 days post transplantation and D) expression of GFPtagged NSC, Sox2, Ki67, and Hoechst to observe cell proliferation at 3 days post transplantation.
Scale bar (25 µm) representative of all images.
4.3.5 Transplanted NSC in Microbeads Increase Endogenous NSC Proliferation and
Differentiation in SVZ
Microbeads were delivered into the striatum, at a distance which is 250 μm + 150 μm from
the SVZ, at most, 50-100 μm to the lateral ventricle wall. At one week after implantation,
encapsulated GFP-tagged NSC remained within the local vicinity of microbeads. Due to their
limited migration, we do not see mixing of engrafted GFP-tagged NSC populations with
endogenous SVZ located NSC (Figure 4.5a) To determine whether exogenous NSC can affect the
endogenous NSC activity in the SVZ, brain tissue sections were prepared at 3- and 7-days post98

transplantation (dpt), and subjected to staining against Sox2, Ki67, and neuroblast marker,
doublecortin (DCX). Quantitative analysis demonstrated that, at 3 dpt, the number of proliferating
endogenous neural stem and progenitor cells (Ki67+Sox2+) were found to increase by 71.01 ±
6.66% and 60.57 ± 24% in mono- and co-encapsulation groups, respectively, compared to the
control group (Figure 4.5b). At 7 dpt, a similar increase (67.48 ± 20.1%) in the number of
endogenous Sox2+/Ki67+ cells was observed for the co-culture group compared to the control
group. On the other hand, a significantly higher increase (~113.8 ± 28.18%) in this cell population
was observed in monoculture group compared to the control group. The percentage of endogenous
DCX+ cells along the SVZ wall, although essentially unchanged at 3 dpt, was significantly
increased (~3-fold) at 7 dpt in the mono-culture group (Figure 4.5c). However, this cell population
remained unchanged in co-culture group from 3 to 7 dpt. These results indicate that the exogenous
NSC released from transplanted microbeads promote endogenous neural stem and progenitor cell
proliferation and differentiation in the SVZ. On the contrary, exogenously delivered EC had a
subtle but potent effect on endogenous neural stem and progenitor cell activity to inhibit their
differentiation into newborn neurons.
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Figure 4. 5. Encapsulated Cells Increase Endogenous Cell Proliferation. A) Confocal image of
injected microbeads position into the striatum relatively to the lateral ventricle (LV). Few GFPtagged NSC were observed migrating towards SVZ two weeks after injection, however at day 3,
no GFP-tagged NSC were founded in the subventricular zone (SVZ). B) Confocal images staining
for Ki67 and Sox2 stained tissue sections of control (upper panel), encapsulated NSC (middle
panel) and encapsulated NSC and EC (lower panel) groups, quantifying co-localization of
proliferating NSC (Ki67+/Sox2+) in SVZ tabled in D. C) Confocal images staining for DCX and
Hoechst to visualize endogenous NSC maturation in SVZ, quantifying endogenous DCX+ cells
tabled in E. Error bars represent SEM. Three different SVZ regions were selected from each brain
tissue for the analyses (n=3-5). **p<0.01 determined by one-way ANOVA with multiple
comparisons. Scale bar (25 µm) representative of all images.
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4.3.6 Co-encapsulation of EC and NSC Ameliorates Leukocyte Infiltration, Microglial
Activation and Cell Death at the Site of Injection
The local immune response to transplanted exogenous NSC and its modulation are critical
in enabling successful exogenous cell engraftment. Previous studies have indicated promising
characteristics of PEG-based microbeads for producing minimal inflammation when transplanted
into brain tissue [152]. To evaluate the local inflammatory response to the implanted microbeads,
the extent of leukocyte (CD45) recruitment and microglia (Iba1+/CD45-) response were compared
between encapsulated co-culture and control (freely injected co-culture) groups (Supplementary
Fig. 2). As shown in Figure 4.6, free co-cultures induced a greater leukocyte infiltration around the
injection site compared to the encapsulated co-cultures 2 days after transplantation (Figure 4.6a-b).
Iba1+ microglia were found in proximity of the injection site in both groups (Figure 4.6a)
Interestingly, while most, if not all, NSC (GFP+) were colocalized to Iba1+ cells with retracted
processes in the control group, they were not colocalized with Iba1+ cells in the encapsulated coculture group. We next examined whether microbead encapsulation protects exogenous NSC from
apoptotic cell death by immunohistochemistry for cleaved caspase-3 in both groups. For NSC+EC
freely injected cells, viability was about 33.37% ± 16.74, whereas there was significantly higher
viability observed in encapsulated co-culture group at 2 days following transplantation (75.92% ±
6.81) (Figure 4.6b).

101

Figure 4. 6. Encapsulated Cells Exhibit Less Immune Response Compared to Free Cells. A)
Immunofluorescence representative images of free (left panel) and encapsulated (right panel) GFPtagged NSC with EC at 2 days showing expression of GFP-tagged NSC, CD45, Iba-1, and Hoechst.
B) Confocal microscopy showing colocalization of anti-GFP, cleaved caspase-3, CD45 and
Hoechst in free (top panel) and encapsulated (lower panel) co-culture transplantation groups. Scale
bar (25 µm) representative of all images.
4.4 Discussion
A major limitation to cell based neurorestorative therapies is the engraftment of
undifferentiated, viable cells to host tissue. In particular, NSC [153] and bone marrow stromal cells
[154, 155] delivered directly to stroke injury models have shown a fraction of engrafted cells
undergoing differentiation into mature neurons post injection, however the in vivo survival rate is
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extremely low [141]. The use of other stem cell types, such as induced pluripotent stem cells, is
limited by a lack of control over in vivo differentiation [156]. Another setback of stem cell injection
is the extremely cytotoxic microenvironment of the post brain trauma. This injured tissue can lead
to cell engulfment by infiltrating leukocytes or activated microglia. Hence, a tissue engineered
scaffold that can deliver viable cells to the host tissue while maintaining a quiescent cell state
presents a potential therapeutic advantage to recover the effects of neurodegeneration. The scaffold
can also serve to protect encapsulated cells from immune cells that are recruited during early phases
of cell transplantation, preventing exogenous cell apoptosis by ensheathing cells temporarily.
PEG, known for its tunable properties, can be used to serve as a biomimetic scaffold by
which native ECM ligands for cell adhesion and spreading can be presented to cells. Here, we have
utilized PEG as a scaffold for microencapsulation, mimicking the positive influence of EC on NSC
in the SVZ niche. We have functionalized our scaffold, incorporating laminin-derived YIGSR and
fibronectin-derived RGDS peptides to mimic two of the most abundant ECM proteins of the SVZ.
By doing so, we consider the biochemical properties seen in vivo to support dual-cell encapsulation.
Two critical considerations when optimizing our protocol included 1) maintaining the integrity of
microbeads taken up through a syringe needle for in vivo delivery and 2) protecting cells from
diffusion-limited oxygen and glucose access upon encapsulation. Optimization of our oil emulsion
through addition of 0.25% Pluronic, a cell-compatible and PEG-based surfactant, has allowed us
to produce microbeads with a mean diameter of 100-150 microns, facilitating uptake through a
syringe needle and allowing for diffusion to cells at the core of the scaffold. Importantly, the size
of these microbeads is below the threshold of 200 μm, where hydrogels at this size may threaten
the diffusion of nutrients and oxygen to the core of the scaffold. Through conjugation of MMP
degradable LGPA peptide to the PEG domain, we allow cell extravasation from the microbead
post-injection through a syringe needle, allowing for integration of viable, quiescent NSC in the
presence of EC into the murine SVZ.
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The vasculature of the SVZ is a critical component of the NSC niche where direct cell-cell
contact between EC and NSC enforce quiescence and promote stem cell identity. Quiescence and
stem cell identity are maintained, at least in part, through EC presented ephrinB2 and Jagged1
signaling, respectively, which maintain NSC in a pro-differentiation state [29]. Recently, EC
amyloid precursor protein has also demonstrated to support the maintenance of NSC quiescence
[157]. In turn, NSC promote EC formation of capillary tube formation, suggesting a continued
collaborative effort between NSC and EC in the SVZ niche [158, 159]. Our experimental NSC:EC
seeding density curve, suggested that NSC and EC encapsulation at an equal ratio (50:50) would
support maintenance of NSC quiescence and survival during the transplantation process. Our
results demonstrate that NSC have increased viability and maintained non-proliferative state in the
presence of EC prior to and post transplantation. Finally, we demonstrate the neuroprotective effect
of our PEG scaffold, protecting cells from the activated immune cells post injection, and ultimately
promoting exogenous cell viability.
NSC offer a promising therapeutic benefit in restructuring and repairing cytotoxic brain
tissue by replacing cells that were lost following cerebral ischemia. Although NSC are one potential
source of cell for transplantation into the injured brain, there are a range of complications of
delivering NSC, including the control of NSC survival, proliferation, and differentiation postdelivery [139]. To address these limitations, an increasing number of studies have investigated the
potential of co-transplantation therapy to enhance NSC viability in disease models such as stroke.
For instance, it was previously reported that when NSC were co-transplanted with astrocytes in a
rat model of stroke, there was a higher ratio of transplanted NSC survival and proliferation, and
neuronal differentiation, compared with transplanting NSC alone [160]. However, as mentioned
previously, it is crucial to maintain NSC quiescence upon delivery as activated exogenous NSC
may disrupt endogenous repair mechanisms. Interestingly, our in vivo results observing the effect
of exogenous NSC on endogenous SVZ-NSC activity are in line with previous studies
demonstrating that transplanted NSC from various sources, including humans [161] and rats [162]
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have the potential to induce endogenous NSC to proliferate and differentiate. Furthermore, our coculture transplantation of NSC and EC showed that exogenous EC not only promote quiescence of
exogenous NSC but also have an impact on endogenous NSC to some degree. Additional studies
have reported the successful co-transplantation of freely injected EC and neural stem/progenitor
cells to stroke-induced mice cortex, demonstrating survival and proliferation of neural
stem/progenitor cells, in addition to accelerated neuronal differentiation [139]. Through the
reduction of the localized inflammatory response observed of our encapsulated delivered niches,
we predict that, in a pathological state, co-encapsulated cells will have increased viability as
compared to freely injected cells.
In the present study, we focused on the role of EC in promoting NSC survival and
quiescence, ignoring to date the potential impact of other cells native to the SVZ, including
ependymal cells, pericytes, and microglia. Using our tunable PEG system, we can continue to
optimize the microbead environment to include additional adhesive and degradative ligands to
accommodate additional cell types and facilitate additional cell-cell and cell-ECM interactions. In
doing so, we will create an SVZ ex vivo biomimetic niche for optimized delivery of healthy and
viable reparative cells. Our in vivo data indicate promising results in a non-injury murine model,
and future work will transition the use of encapsulated neural stem and endothelial cells to a stroke
injury model. We can then observe the integration of cells in the inflamed, large cavity, as we
continue to optimize our microbead formulation to protect cells post transplantation with the goal
of promoting functional and long-term recovery.
4.5 Experimental Procedures
All experiments were performed in accordance with relevant guidelines and regulations.
4.5.1 Cell Maintenance
The features of this cell line have been characterized to establish growth of NSC as pure
culture in defined serum-free conditions. In brief, established adherent neural cell lines (ANS4;
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kindly provided by S. Pollard) were cultured in serum-free basal medium supplemented with N2
and B27 1 mg/mL laminin, and 10 ng/mL EGF and FGF-2 growth factors. For tracking in vivo,
GFP transfected ANS4s were utilized [114]. The commercially available immortalized mouse brain
endothelial cell line (bEND.3, ATCC) was cultured according to manufacturer’s protocol. In brief,
cells were cultivated in DMEM with 4 mM L-glutamine, 4500 mg/L glucose, 1 mM sodium
pyruvate, and 1500 mg/L sodium bicarbonate, 10% fetal bovine serum and 1x
Penicillin/Streptomycin. For both NSC and bEND.3 cells, culture medium was changed three times
weekly at a seeding density of 2-2.5x105 cells/T25 flask and 4x106 cells/T75 flask, respectively.
Cells were maintained at 37°C in 5% CO2 atmosphere and passages 27-33 were used for all studies.
4.5.2 PEGDA Synthesis
Poly (ethylene glycol) diacrylate (PEGDA) was prepared as previously described [82, 119].
Briefly, dry 10,000 Da PEG (0.1 mmol/ml) was combined with acryloyl chloride (0.4 mmol/mL)
and trimethylamine (0.2 mmol/mL) in anhydrous dichloromethane, to react in argon overnight. The
solution reacts with potassium carbonate to allow for phases to separate. Lastly, the lowest organic
phase is dried with magnesium sulfate and precipitated with diethyl ether, filtered, and dried
overnight.
4.5.3 Bioactive and Degradable Polymer Synthesis
The peptide sequences utilized for cell adhesion and degradation properties were RGDS,
YIGSR, and LGPA. The LGPA was synthesized with >85% purity and characterized by free HPLC
and mass spectroscopy. Bioactive peptides were conjugated to PEG as previously described [82,
119]. RGDS and YIGSR were conjugated to PEG monoacrylate by reacting the peptides
respectively with acryloyl-PEG-N-hydroxysuccinimide Ester (PEG-NHS, 3500 Da) in 50 mM
sodium bicarbonate (pH 8.5) at a 1:1 (peptide: PEG) molar ratio for 2 hours at room temperature.
PEGylated products were then dialyzed for 24 hours using SnakeSkin™ Dialysis Tubing, frozen,
and lyophilized. NMR was conducted to observe the disappearance of the proton peak of NHS at
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2.9 mM. The collagenase degradable LGPA sequence was conjugated to PEG as previously
described [163], reacting the peptide in sodium bicarbonate at a 1:2 (peptide:PEG) molar ratio for
24 hours at room temperature. PEG-LGPA-PEG was then dialyzed, frozen, and lyophilized.
4.5.4 Microbead Synthesis
Microbeads are formulated based on an oil emulsion technique previously described [75,
164] which have been optimized to create non-degradable, fluorescent microbeads in addition to
degradable or non-degradable microbeads with encapsulated NSC+/-EC. Our methods have been
aimed to increase packing density into a 24G Hamilton syringe without damaging the integrity of
the microbeads, as well as maximize the number of NSC and EC encapsulated. To meet this
criterion, we incorporated Pluronic, a PEG-based and cell compatible surfactant, at various
concentrations: 0.1, 0.25, and 0.5% (v/v), determining the optimal addition to be 0.25% used in
subsequent in vitro and in vivo studies.
4.5.4.1 Cell-Encapsulated Microbeads
An aqueous pre-gel solution was prepared with the additions of 0.1 g/mL 10 kDa PEGDA,
1.5% (v/v) triethanolamine in 1X Dulbecco’s Phosphate Buffered Saline (PBS), 3.4 μl/mL 1-Vinyl2-pyrrolidinone, 10 μM Eosin Y, and 0.25% (v/v) Pluronic. Photoinitiator (300 μg 2, 2Dimethoxy2-phenyl-acetophenone/ mL NVP) was added at a concentration of 3 μL /mL of mineral oil in a
glass tube.
Due to PEG being an inert polymer, we incorporated fibronectin-derived peptide RGDS
and laminin-derived peptide YIGSR to render the polymer bioadhesive. Concentration of adhesive
peptides were determined following a titration curve (2-6 mM) by seeding cells on coverslips
coated with polymer in PBS to ensure the concentration was sufficient for cell attachment (not
shown). The concentration of photochemicals and the methodology remains consistent as described
above. For monocultures of NSC, 4 mM PEG-YIGSR was added, where for co-cultures 2 mM
PEG-YIGSR and PEG-RGDS were added. To encapsulate cells, NSC and EC were lifted using
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Accutase or 0.25% Trypsin/EDTA, respectively, and resuspended in pre-gel at a final concentration
of 75 x 106 cells/ml. For co-culture encapsulation, a 50:50 ratio of NSC:EC was used and cultured
in NSC media. Photoinitiator (300 μg 2, 2Dimethoxy-2-phenyl-acetophenone/ mL NVP) was added
at a concentration of 3 μL /mL of mineral oil in a glass tube. To the mineral oil and photoinitiator
phase, 25 μl pre-gel and cell solution was added, and the phases were vortexed for 13 seconds. The
oil emulsion phase was then exposed to white light from a fiber optic illuminator (Cole Parmer
High Intensity Illuminator, 67% intensity) for 3 minutes. Microbead were separated from the oil
phase by adding 1 ml of NSC media and centrifuging for 5 minutes at 1200 RPM, decanting
between three washes. Microbeads were transferred to a multiwell plate for culture in NSC media.
4.5.4.2 Verification of Microbead Synthesis Parameters Prior to Cell Encapsulation
A titration assay was done for all photochemicals mentioned above, adding the pre-gel
solution to a monolayer of NSC and EC (not shown here). Final concentrations chosen were nontoxic, where cells maintained their morphology in this aqueous solution. Monolayers of cells were
exposed to white light as to mimic the photo-crosslinking process, and similarly, cells maintained
their morphology. Similar mechanical agitation was done in pre-gel solution in the absence of white
light (emulsifying in mineral oil, vortexing, and centrifuging/decanting the mineral oil several
times). Once cells were collected from the separated phases and seeded in media, they were healthy.
This suggests the chemical and mechanical aspects of our protocol are non-toxic and non-damaging
to cell integrity.
4.5.4.3 Degradable, Cell-Encapsulated Microbeads
For in vivo studies with encapsulated cells, 0.1 g/mL 10 kDa PEGDA was replaced with
0.1 g/mL PEG-LGPA-PEG to allow cells to extravagate from the microbeads and integrate with
host tissue. Degradation assessment was conducted using 2 mg/ml collagenase, artificial
cerebrospinal fluid (CSF), and media (control) to observe complete degradation within 24 hours in
collagenase buffer (Supplementary Figure A2.1).
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4.5.5 Characterization of Cell Response in Mono and Co-culture
4.5.5.1 NSC:EC Seeding Ratio
GFP transfected NSC and EC were seeded in 12 well culture plates at a final seeding
density of 0.1 x 106 cells. To determine the optimal NSC:EC seeding ratio, a seeding density curve
was conducted at 100:0, 75:25, 50:50, and 25:75 cells. After one day, wells were imaged,
distinguishing NSC from EC via GFP tag expression. NSC were lifted using Accutase, which does
not lift EC, ensuring EC remained in the well post NSC collection. NSC were then fixed in 4%
PFA for 10 minutes, blocked and permeabilized with 5% normal donkey serum and 2% Triton X100 in PBS for 1 hour at room temperature, and stained overnight against Ki67. Following
secondary antibody incubation, cells were assessed through flow cytometry (n=3) and
quantification was conducted using FlowJo.
4.5.5.2 Immunocytochemistry
Cell survival and cell quiescence after 1, 3 and 7 days of culture was assessed via
quantification of cell apoptotic marker cleaved caspase-3 and proliferative marker Ki67 positive
immunofluorescent staining, respectively. Specifically, microbeads with encapsulated NSC+/-EC
were fixed in 4% PFA for 10 minutes, rinsed, and blocked and permeabilized with 5% normal
donkey serum and 2% Triton X-100 in PBS for 1 hour at room temperature. Following rinses in
PBS, samples were stained for Sox2, Ki67 and cleaved caspase-3 at 4°C overnight. Respective
secondary antibodies and Hoechst were added for 2 hours at room temperature at a dilution of
1:1000. Immunofluorescent images were taken using a confocal and fluorescent microscope.
ImageJ was used to quantify Sox2+Caspase-3+ cells or Sox2+Ki67+ cells to determine the survival
and proliferation of NSC, respectively.
4.5.5.3 Cell Secreted Metalloproteinases
To assess metalloproteinases mediated degradation of microbeads, cultured media (CM)
was collected from NSC, NSC and EC, and EC confluent monolayers following 24 hours.
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Degradable microbeads were resuspended in PBS and CM, and incubated for 48 hours, imaging
samples using brightfield microscopy every 24 hours to visualize degradation of samples.
To quantify cell-secreted metalloproteinases, in situ zymography was performed as previously
described (Bowden et al., 2001; Chhabra et al., 2012). First, 2 mg/ml gelatin was dissolved in a
buffer containing 61 mM NaCl and 50mM Na2B4O7 (pH 9.3) and incubated at 37°C for 1 hour.
Then, 2 mg/ml fluorescein sodium salt was added, reacting for 2 hours under constant rotation in
darkness. The mixture was dialyzed at room temperature for two days, then stored at 4°C. NSC,
EC, or NSC and EC were seeded on 12mm laminin coated coverslips (10 µg/ml) at a density of
6,000 cells/slip. One day later, samples were fixed with 4% PFA and washed with PBS 3 times. A
0.5% agarose solution in fresh digestion buffer (50 mM Tris-Cl (pH = 7.4), 150 mM NaCl, 5 mM
CaCl2) was allowed to cool to 45–50°C, and gelatin (control) or fluorescent gelatin were added at
a 1:1 ratio. Hoechst was added (1:1000) for nuclei visualization. Solution was added in a thin layer
to a pre-heated glass slide, placing the fixed cells with the cell side facing down into the solution.
Following gel solidification, samples were incubated in digestion buffer at 37°C then observed
under fluorescent microscope. Mean intensity fluorescence (MIF) and cell count were quantified
using ImageJ, subtracting background fluorescence, and normalizing MIF to cell number.
4.5.6 Animals
C57Bl6 mice (Jackson Laboratories) were maintained in the Animal Research Center at
Yale University on a 12-hour light/dark cycle with free access to water and food. All mice
experiments were performed under a protocol approved by Institutional Animal Care Use
Committee of Yale University.
4.5.7 Intra-parenchymal Stereotaxic Injections
All grafts were carried out within a 3 hour-time window of sample preparation. After
anesthetizing mice with ketamine (80 mg/kg; i.p.) and xylazine (10 mg/kg; i.p.), blank beads (n=8),
free NSC and EC (n=6), encapsulated NSC alone (n=8) or encapsulated NSC and EC (n=8) were
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injected into the striatum at the following stereotaxic coordinates relative to bregma: +0.75 mm
anterior, +1.5 mm lateral and 2.5 mm deep, as described previously [165]. Blank microbeads,
encapsulated monoculture, free or encapsulated co-cultures were bilaterally injected using a 10µl
Hamilton microsyringe (24-gauge), in volume of 8µl (100 beads per injection: 10,000 cells
total/hemisphere) at a rate of 0.5µl/min. The syringe was remained in place for a period of 5 min
before being withdrawn slowly to prevent potential reflux of the cells/beads. The craniotomy was
sealed with bone wax, and the scalp was closed with tissue adhesive. Mice were allowed to recover
on a heating pad before being returned back into their home cage. Animals were euthanized after
2, 3, 7 and 14 dpt for histological analyses.
4.5.8 Tissue processing and Immunohistochemistry
Mice were perfused with 0.01M PBS, followed by 4% PFA by cardiac puncture. Brains
were removed and post-fixed overnight in 4% PFA at 4°C prior to cryoprotection in sucrose at 4°C
for up to 48 h. Brains were cryosectioned coronally at 50 µm thickness. Sections were incubated
with blocking solution (PBS containing 1% bovine serum albumin, 10% normal donkey serum and
0.1%Triton X-100) for 1 hour at room temperature then incubated overnight with primary
antibodies diluted in blocking solution. The following antibodies were utilized in this study:
cleaved caspase-3, CD45, doublecortin (DCX), Hoechst, Iba-1, Ki67, and Sox2. Appropriate
secondary antibodies were used at a dilution of 1:500 and sections were coverslipped using Dako
Fluorescence Mounting Medium. Samples were observed under a fluorescent microscope, spinning
disk confocal, SP5 confocal and ophthalmology confocal microscope. Quantification of NPSC
proliferation (Sox2+Ki67+) was performed manually, whereas for the NPSC quiescence and
differentiation were analyzed automatically (% of area covered by respective cells) using ImageJ.
4.5.9 Statistics
All statistical analyses were performed using GraphPad Prism 7 software. Unless indicated
otherwise, a sample size of 3 was conducted for in vitro studies and a sample size of 3-8 for in vivo
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studies. Significance was determined with either a one-way ANOVA with multiple comparisons,
or by an unpaired t-test as appropriate. Data are expressed as mean ± SEM and the differences were
considered significant at P values of <0.05.
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Chapter 5: ECM hydrogel improves the delivery of PEG microsphere-encapsulated neural
stem cells and endothelial cells into tissue cavities caused by stroke.
Portions of this chapter were printed with permission from Ghuman, Matta, Tompkins, et al. 2020
[166]
5.1 Abstract
Intracerebral implantation of neural stem cells (NSCs) to treat stroke remains an inefficient process
with <5% of injected cells being retained. To improve the retention and distribution of NSCs after
a stroke, we investigated the utility of NSCs’ encapsulation in polyethylene glycol (PEG)
microspheres. We first characterized the impact of the physical properties of different syringes and
needles, as well as ejection speed, upon delivery of microspheres to the stroke injured rat brain. A
20G needle size at a 10 µL/min flow rate achieved the most efficient microsphere ejection.
Secondly, we optimized the delivery vehicles for in vivo implantation of PEG microspheres. The
suspension of microspheres in extracellular matrix (ECM) hydrogel showed superior retention and
distribution in a cortical stroke caused by photothrombosis, as well as in a striatal and cortical cavity
ensuing middle cerebral artery occlusion (MCAo). Thirdly, NSCs or NSCs+endothelial cells (ECs)
encapsulated into biodegradable microspheres were implanted into a large stroke cavity. Cells in
microspheres exhibited a high viability, survived freezing and transport. Implantation of 110
cells/microsphere suspended in ECM hydrogel produced a highly efficient delivery that resulted in
the widespread distribution of NSCs in the tissue cavity and damaged peri-infarct tissues. Codelivery of ECs enhanced the in vivo survival and distribution of ~1.1 million NSCs. The delivery
of NSCs and ECs can be dramatically improved using microsphere encapsulation combined with
suspension in ECM hydrogel. These biomaterial innovations are essential to advance clinical efforts
that aim to improve the treatment of stroke using intracerebral cell therapy.
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5.2 Introduction
The transplantation of neural stem cells (NSCs) for chronic stroke is rapidly emerging
from a pre-clinical proof-of-concept approach [167-169] to a clinical treatment modality [170,
171]. However, less than 5% of implanted cells remain within their injection site in the damaged
peri-infarct tissue [168]. An improvement in retention and survival of intracerebral
transplantation can be achieved by optimization of delivery parameters [172-174], as well as
incorporating thermo-responsive biomaterials to reduce shear stress during the injection process
[71] and prevent efflux of cells from the brain [105, 175]. A magnetic resonance imaging (MRI)guided injection into brain tissue is required [168], as implantation of cells in a vehicle
suspension into a tissue cavity lacks structural support for cells to be retained and survive in the
liquid cyst environment [176, 177].
Provision of a structural support to NSCs through attachment to poly-lactic glycolic acid
(PLGA) microparticles, nevertheless, affords direct delivery to the lesion cavity and dramatically
increased the number of cells delivered to the stroke-damaged brain [176-178]. A major
advantage of this approach is that microparticles can also be engineered to secrete growth factors,
such as vascular endothelial growth factor A (VEGF-A), which improves the survival of NSCs
and can promote neovascularization [178]. A major disadvantage of solid particles is that their
degradation erodes the structural support for NSCs in the cavity and they do not readily provide a
physical substrate for migration into the damaged peri-infarct tissue [177, 178]. The use of
extracellular matrix (ECM)-derived hydrogel affords a consistent suspension of NSCs throughout
the injectate and provides an efficient means to deliver and retain large quantities of cells inside a
stroke cavity [179]. Short-term survival of NSCs can be achieved through the small quantities of
growth factors in the ECM hydrogel, but the medium to long-term thriving of these cells,
expected to serve as a source for repopulating the peri-infarct tissue, requires vascular support
[180, 181].
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Co-transplantation of NSCs with endothelial cells (ECs) into peri-infarct tissue improves
NSC survival [139, 182] and potentiates growth factor release from both types of cells [183]. The
effect of NSCs on host ECs and vasculature is also emerging as a pivotal mechanism involved in
meditating the therapeutic effects of NSCs [168, 184, 185]. The crosstalk and close proximity of
NSCs and ECs in the neural stem cell niche is further evidence of how intimately the fate of both
cell types is intertwined [186-188]. ECs can influence NSCs to maintain their stem cell state, but
also direct their migration and differentiation [183, 187, 189]. The combined delivery of densely
packed NSCs and ECs into a lesion cavity could hence provide a robust source of NSCs to
repopulate the peri-infarct tissue [190]. However, implantation of densely packed NSCs and ECs
produces a cell mass, rather than an integration with the peri-infarct tissue. A further downside of
cells suspended in liquid vehicles is that cells will sediment and compact with time [173]. Cellcell proximity is hence required, in addition to sufficient spacing between cells and an interstitial
substrate that affords cell migration.
To achieve and maintain a close proximity of NSCs and ECs without sedimentation
during the implantation and the early phase post-implantation, encapsulation of both cells types in
microspheres can be envisaged to create prototypical ex vivo neural stem cell niches that define
the spatial positioning of cells [1, 179]. Compared to only the encapsulation of NSCs, coencapsulation of NSCs with ECs into polyethylene glycol (PEG) microspheres maintained NSC
quiescence, improved viability and facilitated extravasation from microspheres [105]. The intraparenchymal implantation of small volumes of encapsulated cells has been widely used to shield
transplanted cells from immunological rejection [191] and has found clinical translation in
patients with Parkinson’s disease [192, 193]. Shielding of cells from exposure to the
immunological rejection or preventing integration into the brain relies on the non-degradability
and prevention of migration of encapsulated cells.
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Conversely, to repopulate peri-infarct tissue with implanted cells necessitates migration
of cells from the microspheres, which is contingent on the biodegradation of microspheres [194].
The implantation of microspheres into the large stroke-cavity further requires a novel delivery
strategy to achieve a homogenous distribution of a large volume of microspheres throughout the
tissue defect upon implantation. A homogenous distribution of microsphere provides an equal
density of cells throughout the defect, as well as ensures that cells can invade the peri-infarct
perimeter. Moreover, a homogenous secretion of growth factors and utilization of nutrients
warrants a consistency in therapeutic effects and cell survival. PEG microsphere encapsulation
acutely shields transplanted cells from shear stress caused by passage through a narrow needle
bore. Encapsulation also provides a temporary protection against stroke-induced inflammation
and M1-like macrophages clearing cellular debris in the lesion area. As factors secreted from
transplanted cells modulate inflammation, microspheres can gradually degrade over several days
following implantation to afford the migration of implanted cells into a more permissive
environment. Controlling the degradation kinetics of these microspheres will hence be a key
design factor to fully exploit this enabling technology.
In contrast to the intra-parenchymal implantation of microspheres, filling of a stroke
cavity requires an injection-drainage approach, where biomaterials are injected through a needle
and the extracellular fluid (ECF) in the tissue defect is evacuated through a second catheter [176,
179]. Firstly, the integrity and suspension of microsphere for injection through a narrow needle
bore needs to ensure a minimally invasive intracerebral delivery. Secondly, a homogenous
distribution and suspension of microspheres in the tissue cavity is required. The implantation is,
however, dependent on the type of tissue cavity. Typically, two common tissue cavities are
observed after stroke. One pathology affects purely cortical tissue that is situated at the surface of
the brain and is of a smaller volume. This type of tissue defect is commonly modeled using
photothrombosis. A second pathology, reflecting two thirds of all ischemic strokes, creates a
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more extensive tissue cavity that extends across the striatum and cortex with a large volume. This
pathology is readily modeled using a transient intraluminal middle cerebral artery occlusion
(MCAo). Herein, we demonstrate that these disparate tissue defects necessitate different delivery
strategies. To maintain a robust retention and distribution of microspheres in the cavities, these
microspheres need to be suspended in an ECM hydrogel. Using this approach, the feasibility of
delivering microsphere encapsulated NSCs and ECs to a large tissue cavity was evaluated to
determine its efficiency in promoting cell survival, as well as the migration of cells throughout
the damage caused by a stroke.
5.3 Methods
5.3.1 Biomaterial production and cell encapsulation
Polyethylene glycol diacrylate synthesis. Polyethylene glycol diacrylate (PEGDA) was prepared as
previously described [105]. Briefly, PEG diacrylate was made by combining dry 10,000 Da PEG
(Fluka, 0.1 mmol/ml) with acryloyl chloride (0.4 mmol/mL) and trimethylamine (0.2 mmol/mL) in
anhydrous dichloromethane, reacting in argon overnight. The solution reacted with potassium
carbonate to allow for phases to separate. Lastly, the lowest organic phase is dried with magnesium
sulfate and precipitated with diethyl ether, filtered, and dried overnight. Prior to use, PEG-DA was
characterized by proton nuclear magnetic resonance (NMR), observing the characteristic peak at
3.5 pm and three acrylate peaks between 5.5 and 6.5 ppm [195].
5.3.2 PEG derivative synthesis
PEG derivatives were synthesized using previously described methods [105]. Briefly, the
fibronectin derived Arg-Gly-Asp-Ser (RGDS) or laminin derived peptide Tyr–Ile–Gly–Ser–Arg
(YIGSR) were reacted with acryloyl-PEG-N-hydroxysuccinimide Ester (PEG-NHS, 3500 Da;
JenKem Technology) at a 1:1 molar ratio in 50 mM sodium bicarbonate buffer (pH 8.5) for 2 hours
at room temperature. Following reaction, the coupled peptide (acryloyl-PEG-RGDS or acryloylPEG-YIGSR) was dialyzed overnight and lyophilized for 2 days. In order to determine efficient
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conjugation, the PEGylated peptide was characterized by NMR, observing the disappearance of the
proton peak of NHS at 2.9 ppm. In order to create fluorescent polymer, Alexa Flour™ 488 was
conjugated to acryloyl-PEG-RGDS [83]. PEG-RGDS was dissolved in 0.1 M sodium bicarbonate
buffer (pH 8.5) and Alexa Fluor™ 488 (AF-488) NHS Ester (Succinimidyl Ester, ThermoFisher
Scientific) was dissolved in dimethyl sulfoxide (DMSO, 1 mg/100 µL). AF-488 was added to PEGRGDS at a 10:1 molar ratio of dye to conjugated polymer and reacted for 2 hours at room
temperature. The fluorescent PEGylated polymer was dialyzed for 24 hours, frozen, and
lyophilized. In order to render biodegradable microbeads, the degradable sequence glycine-glycineleucine-glycine-proline-alanine-glycine-glycine-lysine (GGLGPAGGK; LGPA) was conjugated to
PEG as previously described [82], reacting LGPA in sodium bicarbonate at a 1:2 (peptide:PEG)
molar ratio for 24 hours at room temperature, then dialyzed for 24 hours, frozen, and lyophilized
to form PEG-LGPA.
5.3.3 Photopolymerization of microspheres
Microspheres were optimized to increase packing density of microspheres into a Hamilton syringe,
without damaging the integrity of the microspheres [105]. Microspheres were created using a dualemulsion technique using previously described methods where we have optimized the size of the
constructs [105]. Briefly, an aqueous hydrogel solution was prepared with additions of 0.1 g/mL
10kDA PEG-DA, 1.5% (v/v) triethanolamine in 1X Dulbecco’s Phosphate Buffered Saline, 3.4
μl/mL 1-Vinyl-2-pyrrolidinone (NVP), and 10 μM Eosin Y. To create fluorescent polymer, 4 mM
fluorescent PEG was added. Concentration of fluorescent PEG was determined following a titration
curve (2-6 mM addition) to visualize a strong signal (data not shown). To 1 mL of a mineral oil
phase, 3 μL of photoinitiator solution (300 μg 2,2Dimethoxy-2-phenyl-acetophenone in 1 mL NVP)
was added. To this mineral oil and photoinitiator phase, 25 μL of the hydrogel solution was added
and the phases were vortexed on full speed for 13 seconds. The oil emulsion phase was then
exposed to white light from a fiber optic illuminator (Cole Parmer High Intensity Illuminator,
66.67% intensity) for 3 minutes. Microspheres were separated from the oil phase by adding 1 ml
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of DPBS and centrifuging for 5 minutes at 1200 RPM, decanting mineral oil between three washes.
Microspheres were transferred to a multi-well plate for imaging, then frozen in Eppendorf tubes
were filled with PBS until further use.
5.3.4 Neural stem cells (NSCs) and endothelial cells (ECs)
The adult NSC cell line ANS4 (kindly provided by Dr Steven Pollard, University of Edinburgh)
was derived from the subventricular zone surrounding the lateral wall of the forebrain ventricle of
2 months old mice [114, 196]. In order to differentiate endogenous and exogenous NSC in vivo,
CAG synthetic promoter driven green fluorescent protein (GFP)-NSCs were utilized which have
been transfected with the insertion at safe harbor loci ROSA26 [114]. Adherent GFP-NSC were
cultured in serum-free basal medium supplemented with N2 and B27, as well as laminin (1 mg/mL),
EGF (10 ng/mL) and FGF-2 (10 ng/mL). The immortalized mouse brain endothelial cell line
(bEND.3, ATCC) was cultured in DMEM with L-glutamine (4 mM), glucose (4.5 mg/mL), sodium
pyruvate (1 mM), sodium bicarbonate (1.5 mg/mL), fetal bovine serum (10%), and 1x
Penicillin/Streptomycin. Culture medium was changed 3x/week at a seeding density of 2-2.5x 105
NSCs/T25 flask and 4x 106 ECs/T75 flask. Cell cultures were maintained in 5% CO2 at 37 ºC and
passages 26-30 were used for all studies.
5.3.4 Cell encapsulation
Microspheres were formulated for the encapsulation of NSCs alone or NSCs co-encapsulated with
ECs, as previously described [105]. For microspheres with solely encapsulated NSCs, 4 mM PEGYIGSR was added to the concentration of photochemicals listed above, replacing PEG-DA with
PEG-LGPA to allow for microsphere degradation. For co-encapsulations of NSCs and ECs, 2 mM
of PEG-YIGSR and PEG-RGDS were added. Cells were lifted using Accutase or 0.25%
Trypsin/EDTA to lift NSCs and ECs, respectively, which were resuspended in the pre-gel at a
concentration of 75 million cells/mL (75,000 cells/μL, 34% volume fraction). Co-encapsulated
microspheres had a ratio of 50:50 NSCs: ECs. Cells were suspended in the photochemical and
polymer solution, which was then added to the mineral oil and photoinitiator phase. The two phases
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were vortexed and crosslinked to encapsulate cells within the microspheres. Upon crosslinking,
washes were performed using NSC media. Microsphere-encapsulated cells were then maintained
in an incubator for assessment. An average of 110 total cells were encapsulated per microsphere.
For encapsulation of both NSCs and ECs, both cell types were added in equal proportions resulting
in an even mixture, i.e., 55 NSCs and 55 ECs per microsphere.

5.3.5 Protocol optimization and microsphere characterization
Pluronic F-68, a PEG based and cell-compatible surfactant, has previously shown to reduce the
diameter of PEG-based microspheres, as well as achieve a more consistent bead size [75]. In order
to produce microspheres that retain their integrity when taken through a Hamilton syringe,
microspheres with an average of diameter range of ~150-200 μm in was targeted. A range of
microsphere diameters allowed us to increase packing density of microspheres into the syringe and
maximize delivery. To adjust microsphere diameter, 0.1, 0.25, and 0.5% Pluronic was added to the
polymer solution. Using ImageJ, microsphere diameter and shape were quantified. A circularity of
1 defined a perfectly round shape (see below). Addition of 0.25% Pluronic to the pre-gel phase
produced a mean microsphere diameter of ~150 μm. To quantify yield, 100 μL aliquots were
transferred to a multi-well plate and manually counted directly following production. Packing
density was quantified by transferring microspheres into an Eppendorf tube, filling the tube with
PBS, and pulsing the sample in a microcentrifuge for 5 seconds. PBS was aspirated and the pelleted
suspension was re-suspended into 100 μL of PBS. The sample was spun down and the volume of
microspheres versus volume of PBS was calculated to determine the volume packing density.
5.3.6 Verification of Shipment and Storage Conditions
In order to evaluate the impact of dry ice shipping conditions, frozen samples of microspheres were
thawed to room temperature, spun down to collect a pellet, and transferred to a multiwell plate for
imaging. Frozen microspheres retained both their fluorescence and shape following freeze/thaw
cycles [105]. Upon shipment to the University of Pittsburgh, microspheres were thawed and re120

assessed for quality control. Fluorescence and microsphere integrity were retained following
shipment. Similar qualitative and quantitative analysis of microsphere integrity was repeated using
a pipette and Hamilton syringe, to determine the impact of shear stress on microsphere integrity.
5.3.7 Cell Cytotoxicity and Cell Viability
Following the verification of shipment and storage conditions of microspheres, we further tested
cell cytotoxicity and viability for cell-encapsulated microspheres. In order to assess cell
cytotoxicity, an LDH assay was conducted following the manufacturer’s protocol (C20300,
Thermo Fisher Scientific). Culture media from plated NSCs and NSCs+ECs (10,000 cells/well in
a 96 well plate) was used as a control for live and dead cells. Killing cells with lysis buffer provide
a 100% dead cell control condition. The absorbance was recorded at 480 nm and 680 nm
(background signal from instrument) using a spectrophotometer. To assess viability before and
after cryopreservation, culture media was spun down to separate microspheres after 24 hours of
culture in a 96 well plate (~200 microspheres per well). Calcein (ThermoFisher) and Hoechst 33342
(1 μg/mL, Sigma) were added to microspheres to visualize cell viability throughout the construct
using a fluorescent microscope.
5.3.8 Extracellular matrix (ECM) hydrogel
The basement membrane and tunica propria of an adult porcine urinary bladder (Tissue Source,
Inc., Lafayette, IN) were isolated through mechanical delamination [197]. Decellularization was
performed using 0.1% peracetic acid in 4% ethanol (v/v; 120 min; 300 rpm) with agitation. Cellular
debris was removed through a series of PBS and deionized water rinses. Hematoxylin & Eosin,
4’,6-diamidino-2-phenylindole (DAPI) staining, agarose gel electrophoresis, and quantification of
remnant DNA were used to confirm decellularization [198]. The remaining ECM was lyophilized,
comminuted, and solubilized with pepsin (1 mg/mL) in 0.01 N HCL. To achieve neutral pH, 0.1 N
NaOH was added. The liquid phase of the hydrogel was maintained at temperatures less than 37
degrees C. The majority of the material (~70%) is collagen [199], although other prominent ECM
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proteins are also present, including fibronectin, decorin, and laminin subunit γ1 [200]. A variety of
growth factors including transforming growth factor-β (TGF-β), vascular endothelial growth
factor-A (VEGF-A), basic fibroblast growth factor (bFGF), and nerve growth factor (NGF), are
also retained within the ECM preparation [201]. Additionally, matrix-bound nanovesicles (MBV)
enriched in miRNA as well as other signaling molecules are present within the ECM preparation
[202]. The ECM hydrogel was diluted to 4 mg/mL by suspension in the appropriate volume of PBS
[197]. Gelation of this preparation is concentration and temperature-dependent, reaching 50%
gelation in 3.2 minutes and achieving a viscosity of 0.084 Pa. The storage modulus (G’) for this
preparation is 76.6 Pa, which exceeded its loss modulus (G”, 11.0 Pa) [179].
5.3.9 Stroke models
All animal procedures complied with the US Animal Welfare Act (2010) and were approved by
the University of Pittsburgh Institutional Animal Care and Use Committee (IACUC). Male
Sprague-Dawley rats (Taconic Labs, USA) with an initial body weight between 245-275 g were
maintained on a 12-h light/dark schedule, with food and water available ad libitum. All surgical
procedures were performed using a sterile technique under isoflurane (4% induction, 1%
maintenance in 30% O2). After anesthesia induction, the hair over the surgical site was shaved
using electric clippers, followed by application of betadine. A temperature-controlled heating pad
was used to maintain body temperature (37 degrees C) throughout the procedures. Using a random
number sequence in Excel (Microsoft, USA), animals were assigned to either undergo
photothrombosis or MCAo. After recovery from surgery, animals were assessed for forelimb
flexion and contralateral circling with daily post-operative care and neurological assessment until
they recovered pre-operative weight [203]. Animals not exhibiting signs of stroke damage, as
determined by MRI, or who failed to recover weight, were excluded [179].
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5.3.10 Photothrombotic rat model of stroke
For this procedure, an incision was made over the scalp to reveal the cranial fissures and locate
bregma. A sterile cotton applicator was used to remove any remaining fascia over the cranium.
Under a surgical grade microscope, a speed-controlled drill was used to drill into the cranium (3 x
3 mm) over the motor cortex in a zig-zag pattern to avoid heat buildup. The cranium was thinned
until the vasculature became visible through the surgical microscope. A fresh solution of Rose
Bengal (330000, Sigma, USA) in sterile PBS was prepared at a concentration of 20 mg/kg before
i.p. administration. After 5 minutes, the surface of the thinned skull was illuminated with white
light (V-Lux 1000, Volpi, USA) using a fiber optic cable for 20 minutes. After induction, the area
over the thinned skull was filled with bone wax (Fisher, USA) prior to suturing. LX4 (Ferndale,
containing 4% Lidocaine) was topically applied as an analgesic and buprenorphine (0.5 mg/kg) i.p.
was given for 3 days to provide a sustained pain relief.
5.3.11 Transient intraluminal right middle cerebral artery occlusion (MCAo) rat model of
stroke
For this, rats were placed in the supine position and a ventral cervical midline skin incision was
made under the surgical microscope. The common carotid artery was exposed and a 5-0 silicone
rubber-coated monofilament (diameter 0.12 mm, length 30 mm, tip coating at 0.35 mm for 5-6 mm,
503556PK10, Doccol, USA) was advanced to the ostium of the MCA in the circle of Willis, as
previously described in detail [204]. The MCA was occluded for 70 minutes, followed by
reperfusion due to retraction of the filament to the common carotid bifurcation.
5.3.12 Magnetic resonance imaging (MRI) and infarct volume calculation
To determine the presence, location, and volume of tissue loss, both photothrombotic and MCAo
rats were anesthetized with isoflurane (4% induction, 1% maintenance) and scanned using a T2weigthed spin-echo MRI sequence (TR = 6000 ms, TE = 8 ms, 8 Averages, FOV 30 x 30 mm, 128
x 128 matrix, 42 slices at 0.5 thickness) on a horizontal bore 9.4 T Varian scanner 12 days post-
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infarction. T2-weighted images were thresholded at 1 standard deviation above the mean of a
rectangular region of interest [186] in the contralateral hemisphere, encompassing striatum, corpus
callosum, and neocortex. Stroke-damage was defined on these images as tissue with a hyperintense
signal [205]. For PT (n = 10) and MCAo (n = 20), rats with respective lesion volumes >20 mm3
and >40 mm3 (i.e., 20 and 40 µL) were selected for injections by random assignment to treatment
or control groups.

5.3.13 Delivery parameter optimization
5.3.13.1 Needle Size
To assess the effect of needle size on microsphere delivery, a frame mounted injection pump (World
Precision Instruments, USA) was used to eject 20 µL of green, fluorescent (Alex488) microspheres
with no encapsulated cells (suspended in PBS) from a 250 µL Hamilton syringe with a beveled tip
metal needle (inner diameters of 20G, 24G, 26G) at a constant speed of 10 µL/min. A 100 µL
pipette served as a control. The shape factor’s circularity, aspect ratio, and roundness were
measured for each microsphere using ImageJ2 (ImageJ). These factors provide a dimensionless
measure of shape, independent of size and were used to evaluate the effect of different needle sizes
on microsphere shape and symmetry.
5.3.13.2 Ejection Rate
To assess the effect of ejection rate on microsphere delivery, a stereotactic frame-mounted injection
pump (World Precision Instruments, USA) was used to eject 20 µL of green, fluorescent
microspheres from a 250 µL Hamilton syringe with a 20G beveled tip metal needle at a constant
speed (1, 5, 10 µL/min). Individual microsphere’s circularity, aspect ratio, and roundness were
calculated. These shape factors were used to evaluate the effect of ejection rate on microsphere
shape and symmetry. Microsphere volume fraction and density were also calculated.
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5.3.13.3 Diameter
Microsphere diameter (d) was measured using ImageJ2 to determine whether the size of ejected
microspheres is affected by needle size. To reveal a relationship between ejection rate and
microsphere diameter, a 20 µL bin size was used to compare the number and diameter of
microspheres ejected.
5.3.13.4 Microsphere Volume
A perfect spherical shape was assumed for microspheres. Volume was calculated using the
following formula: V=4/3 π (d/2)3.
5.3.13.5 Volume fraction
Ejected microsphere volume fraction was calculated by summing the microsphere volumes for each
ejection trial and normalizing this total volume by the volume ejected (20 µL). The number of
microspheres measured for each trial was used to approximate microsphere density.
5.3.13.6 Circularity
This measurement evaluates degree of deviation in symmetry from a circle, with a value of 1.0
indicating a perfect circle and a value approaching 0.0 indicating increasingly elongated shape.
Circularity was calculated using the following formula: Circularity= 4π*Area/〖Perimeter)]2.
5.3.13.7 Aspect ratio
Major axis indicates the largest diameter of the microsphere, while minor axis indicates the smallest
diameter. The aspect ratio of each microsphere was calculated to evaluate the effect of needle size
on the ratio between microsphere height and width: Aspect Ratio= (Major Axis)/ (Minor Axis).
5.3.13.8 Roundness
A roundness value of 1.0 indicates maximum symmetry, i.e., a perfect circle. Roundness indicates
how closely an object resembles a perfect circle. Microsphere roundness was measured using the
following formula: Roundness=4*Area/ (π*〖Major Axis]2).
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5.3.14 Implantation procedure
All implant procedures were performed using a 250 µL Hamilton syringe with a 20G needle and a
stereotactic frame (Kopf, USA) at 14 days post-stroke for the following groups: 1) empty
microspheres, 2) ECM hydrogel, 3) empty microspheres suspended in ECM, or 4) cell-encapsulated
microspheres suspended in ECM. Ideally, microspheres are injected using a needle with a very
small bore size to minimize injection damage to intact and damaged brain tissue [206]. However,
a larger needle size (20G) is advantageous to prevent potential aggregation, gelation, and damage
of microspheres, as well as obstruction of the needle lumen, to ensure efficient delivery of material.
Prior to implantation, equal volumes of ECM or PBS were added to the microsphere pellet and
served as the final suspension solution for implantation. A 20 µL sample of this final suspension
was imaged to determine the number and size, as well as volume fraction and density, of
microspheres. The suspension was gently mixed with a p1000 pipette before filling the implantation
syringe.
5.3.14.1 Photothrombic implantation
For implantation into the cortical cavity, bone wax over the thinned cranium was gently removed
before creating a burr hole at the center of cranial window. Next, a beveled tip needle was carefully
lowered into the burr hole to make a small tear into the dura to allow a blunt tip needle to pass
through without causing further damage. The blunt tip needle was then lowered to 1 mm below the
cortical surface and lesion-equivalent volumes of ECM hydrogel (n=4), microspheres (n=3) or
microspheres suspended in ECM (n=3) were injected. A manual injection of the required volume
was performed at a speed of 10 μL/min, which was timed for the appropriate volume using a timer.
5.3.14.2 MCAo implantation
For subcortical implantation, a second burr hole was used for a drainage cannula (24G) [179].
Stereotactic coordinates for the injection needle and drainage cannula placements were defined
using MR images of lesion location and volume [179, 180, 206]. Injection rate was controlled using
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a frame-mounted injection pump (World Precision Instruments, USA) at a constant speed of 10
μL/min until the total volume was delivered. Lesion-equivalent volumes of ECM (n=5),
microspheres (n=3) or microspheres suspended in ECM (n=3) were injected into the ventral
posterior region of the cavity to displace and drain the less dense necrotic debris from the most
dorsal part of the lesion [179]. Injection of PBS as vehicle served as a control condition (n=4).
Previously, we demonstrated that these large volume injections require precise neurosurgical
planning to avoid misplacement or leaching of material into the lateral ventricles, as well as to
avoid damage to structures in the path of injection [179, 180, 207]. Implantation of microspheres
with NSCs (n=2) or NSCs+ECs (n=2) embedded in ECM evaluated how co-delivery of NSCs+ECs
affected the survival and distribution of NSCs in the stroke cavity.
For both stroke models, needle and cannula were left in place for 5 minutes to allow material to
dissipate, before the needles were slowly withdrawn from the brain. Burr holes were filled with
bone wax prior to suturing. LX4 (Ferndale, containing 4% Lidocaine) was topically applied as an
analgesic and buprenorphine (0.5 mg/kg) i.p. was given to provide sustained pain relief.
5.3.15 Histological analyses
5.3.15.1 Perfusion-fixation of tissue
Animals were transcardially perfused 1-day post-implantation with 0.9% saline followed by 4%
paraformaldehyde (in 0.2 M PBS) to fix brain tissue prior to its removal from the skull. Brains were
post-fixed in 4% paraformaldehyde for 24 hours then cryopreserved in 30% sucrose with sodium
azide (Sigma) at 4 °C. Using a cryostat (Leica), 50 µm thick histological sections were cut directly
onto microscopic slides to maintain the morphology of the stroke-damaged brain and avoid washing
out of implanted materials.
5.3.15.2 Immunohistochemistry
Brain sections were washed 3×5 min with 0.01 M PBS, followed by 1-hour permeabilization in
PBS at room temperature (21 °C). Primary antibodies against mouse endothelial cells (anti-CD31,
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1:50, SC-13537, Santa Cruz), green fluorescent protein (anti-GFP, 1:2000, Ab13970, Abcam),
microglia (anti-Iba-1, 1:300, Ab5076, Abcam) Collagen I (anti-collagen I, 1:250, Ab34710,
Abcam) were applied, diluted in PBS + 0.3% Triton X-100, and incubated at 4 °C overnight. After
rinsing off the primary antibodies (3×5 min PBS), appropriate secondary AlexaFluor 488, 555, or
660 antibodies (1:500; Life Technologies) were applied for 1-hour at room temperature followed
by 3×5 min washes with PBS. Finally, sections were cover slipped with Vectashield for
fluorescence containing Hoechst 33342 (1 μg/mL, Sigma) and stored at 4 °C prior to imaging.
Visualization of antibodies was performed with a fluorescence microscope (Axioimager M2, Zeiss)
interfaced with a monochrome camera driven by Stereo Investigator image capture software (MBF
Bioscience) using a motorized stage.
5.3.16 In situ microsphere characterization
The virtual tissue module (MBF Bioscience) tiled individual 10x magnification images to create a
composite whole brain slice. Anterior-posterior whole hemisphere images (500 μm apart) were
acquired to measure the total size and number of microspheres. Microsphere circularity, aspect
ratio, roundness, and diameter were measured (see above). The volume of each microsphere was
calculated using Formula (1). Microsphere volumes were summed and normalized by the lesion
volume for each animal to determine the volume fraction and density of microspheres in the stroke
cavity (i.e., delivery efficiency).
5.3.17 Quantification of engrafted cells
Engrafted cells refer to the number of cells that were derived from implanted cells. For this, the
virtual tissue module (MBF Bioscience) tiled individual 20x magnification images to create a
composite whole brain slice. Anterior-posterior whole hemisphere images (500 μm apart) were
acquired to measure the total number of NSCs (i.e., GFP staining) and ECs (i.e., far-red staining)
delivered to the cavity and the area occupied by these cells. The total number of each cell type was
divided by ejection volume to approximate cell density. The area occupied by each cell type was
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multiplied by the distance between images to approximate total cell distribution volume [208].
Microspheres were identified by the absence of fluorescent staining. Microsphere diameter, volume
fraction, and density were measured and calculated.
5.3.18 Statistics
Graphing and statistical analyses were performed in Prism version 8 (GraphPad). The comparison
of two groups was performed using an independent t-test. Multiple group comparisons with a single
independent variable were evaluated using a one-way analysis of variance (ANOVA), whereas
groups with 2 independent variables were assessed for statistical significance (set at p<0.05) using
two-way ANOVAs, followed by Bonferroni post-hoc testing. Large effect sizes here afforded small
sample sizes for achieving statistically significance in these proof-of-principle experiments.
However, more detailed evaluations of smaller effects, especially in vivo, will require larger sample
sizes.
5.4 Results
5.4.1 Production and quality control of microspheres
Microspheres were created through an oil emulsion technique, combining photochemicals,
PEGDA and a fluorescent polymer, into a mineral oil and photoinitiator bath. These were
crosslinked with white light (Figure 5.1a). It is critical that microspheres maintain their integrity as
they undergo shear stresses during delivery through the Hamilton syringe. Recently, we have
demonstrated the delivery of microspheres with co-encapsulated NSCs and ECs into a mouse noninjury model [194]. As we transition our delivery of cell encapsulated microspheres to injury
models, we first verified that freezing and thawing of microspheres for shipment and transfer is
feasible. Fluorescent, non-degradable microspheres maintained their shape and fluorescent tag
following freezing and thawing (Figure 5.1b), supporting our ability to ship microspheres.
To determine the range of microsphere diameters, which can be taken-up through a pipette
tip and syringe without creating a clog or becoming stuck, Pluronic was added to the pre-gel phase
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in varying concentrations (0.1, 0.25, and 0.5% v/v) (Figure 5.1c). As the amount of surfactant
increased, the mean microsphere diameter decreased. Addition of 0.25% Pluronic yielded
microspheres with a mean diameter of 141.6 μm and a range from 76.40 to 441.1 μm (Figure 5.1d).
A 1-way ANOVA followed by Bonferroni post-hoc testing revealed a significantly (p<0.001)
reduced microsphere size for the 0.25% and 0.5% Pluronic conditions compared to 0%. This
provided an adequate size to support successful delivery, while maintaining encapsulated cell
survival through oxygen and nutrient diffusion. Microspheres yield increased as surfactant
increased. More microspheres are produced from the same amount of polymer with a reduction in
diameter (Figure 5.1e). A significant increase in microsphere number was hence achieve by using
0.25% and 0.5% Pluronic (1,875 ± 168.3 and 2,370 ± 231.8 microspheres, respectively, per mL).
In addition to optimization of mean diameter, volume fraction was increased in order to maximize
the quantity of microspheres to be injected in vivo. As Pluronic concentration increased, the percent
volume fraction increased, allowing more microspheres to be packed in aqueous solution (Figure
5.1f). With no surfactant, large microspheres packed inefficiently with abundant space between
individual microspheres. Addition of Pluronic at 0.25% and 0.5% concentrations resulted in a
significant increase in packing density (37% ± 1.6 and 49% ± 4.6, respectively). Although a 0.25%
Pluronic concentration produced some microsphere heterogeneity, this was considered
advantageous, as smaller microspheres filled the spaces between larger microspheres. Pluronic had
no impact on shape factor, thereby strictly impacting microsphere yield and size (Figure 5.1g).
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Figure 5. 1. Production of fluorescent microspheres. A. Schematic of microspheres formation
protocol. Photochemicals and polymer are combined prior to being mixed with mineral oil and
photoinitiator. Stirring of the solution and exposure to light produced microspheres. B.
Microspheres with 0.25% Pluronic are spun down and froze to mimic storage and shipping
conditions. Brightfield and fluorescent images of AF-488 tagged microspheres before and after
cryopreservation demonstrate no change in integrity and shape. C. Varying Pluronic concentrations
from 0 to 0.5% additions reveals its impact on the size distribution of microspheres. D. An increase
in Pluronic concentration reduces microsphere size, but also produce more consistent size
distribution. The box and whisker plot reflects the interquartile range with the line in the box
indicating the median value. Error bars indicate the maximum and minimum value. E. As
microsphere size reduces, the number of microspheres increases. Bars represent the mean value
and error bars indicate the standard error of the mean. F. A reduction in size and higher number of
microspheres per volume increases the packing density. G. However, the circularity of microsphere
is not affected by the concentration of Pluronic. Scale bar = 50 µm, representative of all images.
(** p<0.01; *** p<0.001, **** p<0.0001) determined by a one-way ANOVA.
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5.4.2 Impact of injection parameters on microspheres integrity
To ensure that microspheres remained intact during the implantation procedure, injection
parameters were arrayed to establish their impact on the integrity of microspheres using needles
with inner diameters (ID) of 20G, 24G, and 26G. Ejection of fluorescent microspheres through a
pipette onto a coverslip (Supplementary Figure A3.1a) provided a baseline for analysis of
microsphere size and shape (Supplementary Figure A3.1b). The majority of microspheres were
between 120-400 μm in diameter, but there were also some >500 μm (Supplementary Figure
A3.1c). A wide 20G needle bore (603 μm diameter ID) for injection with a Hamilton syringe
provided the best preservation of larger microspheres, but significantly reduced delivery of
microspheres that were larger than 260 μm in diameter. Narrower needle bore sizes of 24G (311
μm ID) and 26G (260 μm ID) reduced the prevalence of larger particles, but also affected the
presence of smaller microsphere (<100 μm). This needle bore size effect was also evident on
microsphere density with a wider bore size being favorable to preserve a high microsphere density
(Supplementary Figure A3.1d). A high-volume fraction of microspheres in the ejectate was also
preserved with a wider bore size (Supplementary Figure A3.1d). Wider bore sizes are hence
favorable to preserve the number of microspheres, as well as their size in the ejectate.
Variations in speed of ejection of microspheres through a 20G needle also impacted their
prevalence in the ejectate. A slow ejection of 1 μL/min, which is suitable for cell injections into
damaged tissues, only resulted in very small microspheres (<20 μm) being found in the ejectate
(Supplementary Figure A3.2a). A faster ejection speed was favorable to preserve larger
microspheres, with 10 μL/min being the upper limit of ejection speed available on the automated
injection device. A faster ejection was advantageous to preserve microsphere density
(Supplementary Figure A3.2b) and volume fraction (Supplementary Figure A3.2c). The integrity
of microspheres was consistently preserved with only a few microspheres exhibiting a reduced
level of circularity (Supplementary Figure A3.3a). Narrower needle bores maintained circularity
better, but this is due to smaller microspheres being present in this condition compared to the wider
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bore sizes. Flow rate also did not dramatically affect circularity. A high level of roundness was
found for all conditions (Supplementary Figure A3.3b). There was a more gradual effect of
roundness across microspheres compared to circularity, revealing some asymmetry in the
microspheres. These trends were also observed in the aspect ratio (Supplementary Figure A3.3c),
which measured the deformation of microspheres. These results highlight the importance of
ensuring that the injection devices are matched with the dimensions of the injectable constructs.
5.4.3 Intracerebral implantation of microspheres in two rat models of stroke
Stroke causes focal ischemia and cortical tissue loss similar to a photothrombotic lesion,
but more commonly produces extensive cortical and sub-cortical tissue loss due to occlusion of the
MCA. Both types of tissue cavities require different implantation strategies to fill these cavities.
To ensure the retention and even distribution of microspheres, ejection needs to occur in the tissue
cavity without dispersion beyond the target site (Supplementary Figure A3.4a). In shallow cortical
lesions, this is a challenge, as very little material is deposited and there is no overlying tissue that
will hold the injectate in place. A beveled needle is advantageous to pierce through the meninges
but is disadvantageous for the dispersion of microspheres within a small cortical tissue defect at a
shallow depth. In cortical tissue defects caused by photothrombosis, care must be taken to ensure
that the meninges are pierced to avoid delivery outside the brain (Supplementary Figure A3.4b). In
these cases, microspheres will accumulate on the surface or in-between the meninges
(Supplementary Figure A3.4c). Flat needles can potentially tear meninges and cause major local
inflammation and allow microspheres to distribute outside the brain. A misplaced intracerebral
injection will damage intact brain tissue and fail to fill the tissue defect (Supplementary Figure
A3.4d). Injection of microspheres close to or into the corpus callosum will disperse along white
matter tracts (Supplementary Figure A3.4e). Optimal delivery to a cortical tissue defect hence
occurs by piercing the meninges with a beveled needle tip, but to deliver microspheres a flat needle
inserted at an angle below the pia matter allowed a robust filling of the cavity, without dispersion
of microspheres outside of the tissue defect.
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The more extensive MCAo-induced tissue cavities necessitate a different delivery strategy,
as the volume required for filling the defect is much larger than for cortical only cavities. MRI
determines the cavity volume to guide the appropriate delivery volume with the injection of
microspheres displacing the extracellular fluid (ECF) through a secondary catheter. This approach
can fill the entire cavity with microspheres (Supplementary Figure A3.5a). However, delivery of
insufficient microspheres will result in their sedimentation or buoyancy. In some cases, a lowdensity injection of microspheres resulted in a dispersed distribution that did not fill the cavity
(Supplementary Figure A3.5b). Poor quality control or application of too much pressure during the
ejection can lead to the deformation or destruction of microspheres. A spaghetti- or snake-like
formation can occur in these circumstances (Supplementary Figure A3.5c), voiding the advantages
of creating microspheres for delivery. Implantation into damage tissue can also lead to small
pockets of microspheres and failure to deliver the entire volume to the cavity (Supplementary
Figure A3.5d). Successful delivery of microspheres to tissue cavities caused by stroke therefore
poses significant technical considerations that all need to be met to ensure a complete coverage of
the tissue defect. Failure to do so will not allow these therapeutic strategies to exert their intended
effects.
Delivery of microspheres to lesion cavities ideally avoids sedimentation, buoyancy, or
clustering. A comparison between microspheres suspended in media (i.e., PBS) versus an ECM
hydrogel allowed us to compare the retention and distribution of microspheres in both
photothrombotic and MCAo tissue cavities (Figure 5.2). Injection of just media into the tissue
defect produced essentially a vehicle-control condition, with just a tissue cavity surrounded by a
glial scar being evident. Implantation of just ECM hydrogel filled up the tissue defects. Injection
of microspheres in media were retained within the cavities, but retention was poor in the
photothrombotic lesion and dispersion in the MCAo lesion was heterogenous. Implantation of
microspheres in ECM hydrogel produced the most robust retention and a more homogenous
dispersion through the tissue cavities. A robust dispersion along the anterior-posterior axis was
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evident even in the large MCAo tissue cavities (Figure 5.3a). Individual microspheres were clearly
visible on whole hemisphere images (Figure 5.3b). However, some empty spaces were also evident.
In some instances, this reflected individual pockets of cavities that could not be reached with a
single injection-drainage procedure, whereas in others these were caused by microspheres falling
out during the sectioning or staining procedure. In between microspheres, host cells were seen
invading the cavity through the surrounding ECM hydrogel (Figure 5.3c). Implantation of only
ECM hydrogel also resulted in cell invasion in the cortical defect (Figure 5.4a), whereas
microspheres injected with media poorly occupied the lesion and no host invasion of cells into
cavities was evident (Figure 5.4b). In contrast, microspheres implanted with ECM hydrogel were
dispersed throughout the cortical defect with an extensive host cell invasion through the
surrounding glial scar (Figure 5.4c). In the MCAo model, microspheres delivered in ECM also
revealed invasion of host cells surrounding the microspheres, but no invasion of cells into the
microspheres was evident (Figure 5.4d). Most cells invading the ECM hydrogel were of a monocyte
Iba1 lineage (Figure 5.4e).

135

Figure 5. 2. Macroscopic comparison of microsphere delivery to tissue cavities caused by
stroke. An overview of the impact of different implantation paradigm on the tissue cavities caused
by cortical photothrombosis or transient intraluminal middle cerebral artery occlusion (MCAo).
Injection of media did not have a major impact on the cavity, whereas injection of ECM hydrogel
completely filled tissue defect. Implantation of microsphere in PBS were only partially retained
with the cortical cavity, although retention within the MCAo cavity was robust. Nevertheless, there
was a poor distribution of microspheres throughout the cavity. Microspheres delivered in ECM
hydrogel provided a very robust retention in both tissue defects and exhibited an excellent
distribution through the cavity.
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Figure 5. 3. Microspheres extensively distribute in a stroke cavity. A. Anterior-posterior view
of the lesion cavity and its filling with microsphere implanted with ECM hydrogel. An extensive
and homogenous distribution throughout the cavity is evident. B. A combination of
immunohistochemical markers reveals the distribution of microsphere with ECM hydrogel
providing essential an interstitial space to suspend these in the cavity. Reactive astrocytes
delineating the cavity do not show a major invasion into the cavity. Filling of non-communicating
cavities can be achieved if the injection needle punctures through these. However, histological
sectioning can lead to some microspheres being washed out of the cavities (*). ECM hydrogel
(collagen I+) provides a support structure to maintain microspheres in place, but also provides a
conduit for implanted and host cells’ migration in the cavity. Microspheres by themselves do not
provide this migration support. C. However, migration of host cells (DAPI) into the ECM hydrogel,
but not the microspheres, is observed.
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Figure 5. 4. Microsphere delivery in ECM hydrogel produces a robust retention and
distribution in tissue cavities. A. ECM hydrogel filled the entire cortical tissue defect with a host
cells (DAPI) migrating inwardly from the surrounding tissue, delineated by reactive astrocytes with
a strong glial fibrillary acid protein (GFAP) staining. B. Implantation of only microspheres into
this tissue defect partially filled up the cavity. C. Implantation of microspheres in ECM hydrogel
allowed host cells to invade in between microspheres. D. Akin to the cortical defect, microspheres
only partially filled the cavity caused by MCAo, with many microspheres adhering to the
surrounding tissue, but it is conceivable that many microspheres were lost in sectioning or the
staining procedure. E. Implantation of only microspheres also produced a local inflammatory
response by microglia (Iba1), most likely a reaction to the large particles entering damaged tissue.
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A quantitative comparison of the retention of microspheres further indicated that ECM hydrogel
dramatically increased (p<0.001) the retention of microspheres of all sizes in photothrombotic
cortical cavities (Figure 5.5a). Although there was an improvement (p<0.05) in microsphere
retention with ECM hydrogel in the MCAo cavities (Figure 5.5b), this was less pronounced than
in the photothrombotic model. The volume fraction of microspheres in the cavity was 1.5% for
microspheres only groups in both the photothrombotic and MCAo cavities (Figure 5.5c). ECM
hydrogel significantly (p<0.05) improved the volume fraction of microspheres in both models, but
the effect size was greater for the photothrombotic model (~10% volume fraction). Microsphere
density was also significantly improved with delivery in ECM hydrogel for both the
photothrombotic (p<0.01) and MCAo model (p<0.05, Figure 5.5d). These results demonstrate that
a robust retention and distribution of microspheres in ECM hydrogel can be achieved to completely
fill stroke-induced tissue cavities.
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Figure 5. 5. Quantification of microsphere distribution in tissue cavities caused by stroke. A.
Retention of microspheres implanted in PBS was poor, whereas implantation with ECM hydrogel
dramatically improved retention for all microparticles. Microspheres implanted in PBS and ECM
hydrogel into MCAO lesions revealed a similar size distribution profile, but microsphere in ECM
hydrogel were more numerous for all sizes. A better retention of smaller microspheres in ECM
hydrogel was also evident. B. ECM hydrogel dramatically improved the retention of microspheres
in cortical strokes. C. The volume fraction of microspheres was significantly improved by
implantation with ECM hydrogel. D. The density of microparticles in the lesion cavity was also
significantly higher with ECM hydrogel in both types of tissue defects. On all graphs, bars represent
the mean value and error bars indicate the standard deviation of the data.
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5.3.4 Encapsulation of neural stem cells and endothelial cells in microsphere for intracerebral
delivery
Microspheres for cell encapsulation were created using a dual emulsion technique (Figure
5.6a). NSCs and ECs were entrapped throughout the entirety of the microsphere (Figure 5.6b). To
avoid rupture of microsphere during the implantation procedure, we assessed microsphere integrity
by measuring circularity following uptake in a pipette tip, 20G, 24G, and 26G needle in both PBS
and ECM (Figure 5.6c). There was minimal variance in microsphere circularity in either vehicle
and no effect of needle size (Figure 5.6d). Microspheres maintained viability of cells after
cryopreservation and passage through a 20G needle. An LDH assay revealed no cytotoxicity of
encapsulated NSCs with or without ECs pre- or post-cryopreservation (Figure 5.6e). Cytotoxicity
was equivalent to plated cells. Both mono- and co-encapsulated microspheres contained the vitality
maker Calcein before and after cryopreservation (Figure 5.6f). Cytotoxicity for encapsulated cells
before and after freezing was equivalent to live plated cells (Figure 5.6g). Encapsulated cells were
therefore viable for in vivo intracerebral delivery.
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Figure 5. 6. Encapsulation of neural stem cells and endothelial cells into microspheres. A.
Schematic demonstrating the cell encapsulation process. Neural stem cells (NSCs) and endothelial
cells (ECs) were mixed with photochemicals and polymer prior to mixing with mineral oil and a
photoinitiator. Exposure to light and stirring produced microspheres. B. A brightfield image
visualize the microsphere in phase contrast and the incorporation of cells is evident using the
nuclear Hoechst for fluorescence microscopy. C. To ensure a homogenous suspension of
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microsphere for injection, ex vivo optimization of injection parameters was undertaken. D. To
ensure the integrity of microspheres, microsphere circularity was quantified, and microspheres
remain intact regardless of needle gauge size. E. To ship cell-encapsulated microsphere, viability
of cells before and after freezing were evaluated. Calcein (in green) provided a vitality stain for
live cells. F. Almost all cells in the microsphere were alive after freezing. G. Cytotoxicity for
encapsulated cells before and after freezing was equivalent to live plated cells. There was no
difference between NSCs and NSCs+ECs microspheres. Scale bar = 50 µm, representative of all
images. On all graphs, bars represent the mean value and error bars indicate the standard error of
the mean.
5.3.5 Intracerebral delivery of microsphere-encapsulated cells to a tissue cavity caused by
stroke
Implantation of microsphere-encapsulated cells in ECM hydrogel resulted in a distribution
akin to that observed with “blank” microspheres (Figure 5.7a). There was a widespread distribution
of cells from the microspheres into the ECM hydrogel and into the area of damage in surrounding
tissues (Figure 5.7b). Very few cells remained within the microspheres (Figure 5.7c). ECs persisted
within the ECM located in the stroke cavity, rather than distributing into surrounding tissue (Figure
5.7d). In contrast, NSCs distributed more widely into the existing tissue architecture of the
surrounding tissue, including multiple regions of the cortex. Migration of NSCs through cortical
tissue (Figure 5.7e), as well as the corpus callosum, was evident (Figure 5.7f). A differential
distribution of NSCs into damaged tissue was observed, with the degree of tissue damage
influencing the degree of cells in damaged tissue. In the damaged striatum, a major influx of NSCs
was apparent (Figure 5.7g). Ischemic damage in the cortex produced a non-communicating cavity
that was not filled with microspheres or ECM hydrogel. Consequently, no filling of the cortical
cavity occurred. However, some microspheres were lodged in the injection tract in the cortex
(Figure 5.7h) and NSCs distributed into the peri-infarct tissues (Figure 5.7i). NSCs were not only
observed distributing towards sites of damage, but also towards the subventricular zone (Figure
5.7j) and the stump of the occluded MCA (Figure 5.7k).
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Figure 5. 7. Microsphere-based cell delivery to a tissue cavity caused by stroke. A. ECM
hydrogel-based implantation of green fluorescent protein (GFP)-tagged neural stem cells (NSCs)
and endothelial cells (ECs) encapsulated in microspheres. B. There is widespread distribution of
microspheres throughout the cavity, but there is also evidence that a cortical tissue defects (#) was
not filled due white matter separating it from the main striatal cavity. Some loss of microspheres in
the main cavity are evident due to tissue processing (*). NSCs migrated to the area of cortical tissue
damage and more extensively throughout the cavity as well as into surrounding damaged tissue.
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ECs mainly remained within the main cavity where microspheres were implanted. C. At the base
of the lesion microspheres were well compacted and presented a mixture of sizes. Some cells were
evident in the microsphere, but a large number of cells populated the ECM hydrogel in between
the microspheres. D. In the core of the cavity, microspheres were also well compacted and
distributed, but no very large microspheres were evident. ECs were very evident in this region
compared to NSCs. E. Only NSCs were invading into the surrounding tissue. F. Migration of NSCs
along white matter tracts and invasion into damaged cortical tissue was also observed. G. Invasion
of NSCs into the damaged striatum was widespread. H. A few microspheres were present in
damaged cortical tissue, which was along the implantation pathway, but no microspheres were
present in adjacent tissue. Nevertheless, extensive invasion and migration of NSCs in the damaged
cortical tissue was evident. I. it is unclear in the corpus callosum if NSCs from the few microspheres
in the cortex migrated along these white matter fibers or if NSCs from the main striatal tissue cavity
invaded the corpus callosum to migrate to damaged cortical tissue. J. Some migration of implanted
NSCs was evident towards the subventricular zone, which is the inverse migration pattern observed
by endogenous NSCs. K. NSCs at the base of the tissue cavity also migrate ventrally along the
trajectory of the MCA.

A comparison between microspheres containing only NSCs versus those prepared with
NSCs and ECs indicated that the volume of injection was significantly higher (p<0.05) for
NSCs+ECs (Figure 5.8a), reflecting the larger cavity size in this group. The NSCs+ECs (31%)
group also contained a higher volume fraction of microspheres compared to NSCs (11%, p<0.01,
Figure 5.8b). The microsphere size profile of both experimental groups was equivalent, but there
was an overall group effect of more microspheres being contained in the NSCs+ECs experimental
group (Figure 5.8c). On average 1940 microspheres/mL were delivered in the microsphere+NSCs
group, whereas 5400 microspheres/mL were delivered in the microsphere+NSC+ECs group. Cell
content per microsphere was equivalent (average of 110 cells), yielding a total of 213,400
encapsulated NSCs in the microsphere+NSCs group compared to a total of 594,000 NSCs and ECs
(i.e., 297,000 of each cell type). Evaluation of the distribution of NSCs and ECs in relation to the
tissue cavity (Figure 5.8d) indicated that NSCs occupied a territory larger than the cavity (p<0.01).
The extent of distribution was more pronounced in the NSCs+EC group (p<0.05). The presence of
transplanted ECs did not exceed the area occupied by the tissue cavity. Engraftment of cells (i.e.,
cells derived from those implanted) in the NSCs+ECs group (2,190,000 cells; 1,095,000 NSCs)
was significantly higher (p<0.01) than in the NSCs only group (402,000 NSCs, Figure 5.8e). This
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difference was further reflected in the density of cells in both groups (p<0.001), although NSC
content (21,000 NSCs/microliter) was equivalent in both groups (Figure 5.8f). Co-transplanted
NSCs and ECs proliferated twice as much between encapsulation (~2 days pre-transplant) and
perfusion fixation of animals (+1 day) than in the NSC only group. Engraftment of cells was hence
several times the average content of encapsulated NSCs (+188%) or NSCs+ECs (+368%). These
results indicate that NSCs and ECs can efficiently be incorporated, expanded, stored, and
transported in microspheres ex vivo prior to implantation to a stroke-induced tissue cavity to
produce a very extensive cellular repopulation of the cavity and its surrounding damaged tissues.
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Figure 5. 8. Co-implantation of neural stem cells and endothelial cells in microspheres
produces an improved survival of cells in the stroke cavity. A. The injected volume of
microspheres with NSCs and ECs (n=2) was approximately twice the volume of microsphere with
NSCs (n=2). B. The volume fraction within the implanted volume was approximately 3x higher for
microspheres with NSCs and ECs than microspheres with only NSCs. C. The size distribution of
microspheres was equivalent between both conditions, but microsphere with NSCs and ECs had a
higher density after implantation for all sizes. D. A volume comparison of the cavity and
microspheres, as well as the distribution volume of NSCs and ECs indicate that microspheres and
NSCs covered an area larger than the cavity. ECs distributed through a volume smaller than the
cavity. E. Co-implantation of ECs and NSCs resulted in a higher cell survival of NSCs. F. However,
the density of grafted cells in the NSCs+ECs condition was approximately 100 cells/µL higher than
in the NSC only condition. On all graphs, bars represent the mean value and error bars indicate the
standard deviation of the data.
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5.4 Discussion
The therapeutic success of NSC transplantation is dependent on the survival and
distribution of grafted cells in the stroke-damaged brain [168]. Intra-parenchymal implantation
limits the volume and number of cells that can be delivered to the brain using a single injection site
[105]. We here developed a novel approach based on microsphere-encapsulation of NSCs
combined with ECs to demonstrate the efficient delivery of these to a stroke cavity, resulting in a
wide-spread migration of NSCs throughout the area of tissue loss, as well as peri-infarct regions.
Suspension of microspheres in ECM hydrogel improved their retention, as well as distribution, but
also provided an interstitial substrate for NSCs to migrate outward and colonize the areas damaged
by a stroke. Encapsulation afforded growing of both cell types in the same microsphere, as well as
freezing these for ease of transportation. This method will, in the future, provide a means to grow
prototypical neurovascular units in a laboratory to produce an allogenic off-the-shelf product that
can be stored in hospitals and be readily available for use in patients. The microsphereencapsulation of NSCs with ECs and suspension in ECM hydrogel hence provides a new more
efficient paradigm to deliver cells for tissue repair after a stroke.
5.4.1 Microsphere encapsulation of cells for implantation
Microsphere encapsulation of cells for intracerebral transplantation has mostly been
applied to prevent an immunological response to implanted cells or to prevent them from
integrating into brain tissue [209]. To maintain cells in an encapsulated state, these approaches have
employed non-degradable biomaterials. In some cases, these consisted of capsules fabricated from
polyacrylonitrile-polyvinylchloride (PAN-PVC) [210], polyethersulfone [211, 212] or polyvinyl
alcohol (PVA) [213] hollow fibers with cells embedded in collagen I. Intra-putamen implantation
of alginate-polyornithine capsules (600-660 micron diameter) incorporating neonatal porcine
choroid plexus cells are currently undergoing a phase IIb trial for Parkinson’s disease [192]. Nondegradable, but porous, microspheres loaded with cells could also be used to deliver trophic factors
to peri-infarct tissues, as demonstrated here by implanting these into the lesion cavity. However,
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the intra-parenchymal implantation and permanent entrapment of encapsulated cells does not afford
their use to replace lost tissue or to promote a more widespread dispersion of cells in damaged
tissues, a major limitation of intra-parenchymal cell implantation. To allow dispersion of cells,
while reducing the impact of shear stress due to the injection procedure on cells, the suspension of
cells in liquid phase hydrogels has been shown to improve the survival and differentiation of cells
[208].
Little consideration has been given to microspheres or the use of cell encapsulation as a
means to increase the number of cells being implanted into a tissue cavity, as occurs in up to 94%
of patients with stroke [214]. A key difference for this approach is to target the lesion cavity based
on non-invasive imaging [206, 215], while adopting a surgical approach that allows for
displacement of the liquid that fills the cyst [179]. Using our injection-drainage approach, we can
very efficiently fill the tissue cavity [179, 216]. As demonstrated in the present study, this approach
needs to be adapted depending on the topography of the tissue cavity. A minimally invasive
injection-drainage approach efficiently filled a large tissue cavity caused by an MCA stroke with
microspheres. The retention and distribution of these microsphere was improved using ECM
hydrogel for suspension. In contrast, drainage is difficult to achieve in smaller superficial cavities.
Damage to the meninges during injection in these cavities can also lead to an extra-cerebral
accumulation of microspheres. In some cases, photothrombosis induces necrosis of the meninges
overlying the cortical defect. This facilitates access in preclinical models but is not modeling the
clinical reality of cortical strokes. An angled delivery through the meninges, with passive drainage
of ECF along the needle, here afforded a minimally invasive delivery and retention of microspheres
and ECM within the cortical defect. Suspension of microspheres in ECM hydrogel produced a
superior retention and distribution of microspheres in this type of defect. The suspension of
microsphere in a secondary hydrogel therefore provided an advantageous delivery strategy. The
biophysical aspects of injections are often neglected, potentially leading to sub-optimal delivery
that prevents the evaluation of the true potential of these advanced therapeutic products.
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Encapsulation of cells in hydrogel-based microspheres is advantageous for delivery
compared to solid microparticles, where NSCs are attached to the surface [177], as the suspension
of cells in hydrogels produces a higher delivery density and also protects cells from shear stress
during injection. We here demonstrated a very efficient delivery of NSCs and ECs in microspheres
to a stroke cavity. Average cell packing density (<1% volume fraction) in microsphere was
dramatically lower compared to the 20% volume fraction (i.e. 50,000 cells/microliter) commonly
used in a liquid vehicles for cell suspension [173, 174]. Additional studies are required to determine
if packing density of cells will affect engraftment efficiency. Engraftment of NSCs+ECs cells in
microspheres was nevertheless dramatically higher at 368% than the number of cells that were
encapsulated. This contrast dramatically to the ~95% loss of cells implanted in suspension in the
peri-infarct tissue [168], raising the question if a lower packing density of NSCs for cell suspension
could be beneficial to intra-parenchymal implantation. The extensive “re-population” of damaged
peri-infarct tissues, as well as the distribution of implanted cells throughout the tissue cavity,
potentially form a combination of peri-infarct tissue repair and tissue regeneration inside the cavity.
ECM hydrogel was an important conduit for migration of cells out of the biodegradable
microspheres. This is consistent with other observations in which host neural progenitors and ECs
migrated into ECM hydrogel implanted into a stroke cavity [180, 181, 216]. In addition to a
potential cellular integration of transplanted cells as a mechanism of tissue repair, NSCs and ECs
also interact with each other to increase trophic factor release to support angiogenesis as well as
neuronal survival. For instance, we have previously seen a dramatic upregulating of for instance,
VEGF-A and BDNF [183, 189]. Harnessing the host tissue response to an acellular ECM hydrogel
for tissue restoration is also attractive, as host cells that infiltrate the cavity and populate the
hydrogel avoid any adverse immunological rejection response [181]. Chimeric tissues containing
host and implanted cells could hence be created to accelerate tissue replacement. The implantation
of prototypical neurovascular units encapsulated in microspheres can be further envisaged to
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provide the fundamental building blocks for tissue restoration, potentially reducing the protracted
time frame associated with acellular bioscaffold-mediated tissue regeneration [217].
5.4.2 Intra-cerebral injection of complex cell constructs
Encapsulation of cells reduces their packing density for delivery in comparison to a simple
cell suspension in a gel precursor, in which cells are more continuously dispersed. Suspension of
cells in ECM hydrogel, for instance, can achieve a very high cell density for delivery and retention
in a stroke cavity [208, 215]. However, a major advantage of microspheres for delivery is the
potential to grow and differentiate encapsulated cells in vitro to, for instance, pre-differentiate cells
for transplantation, such as striatal output neurons, which only poorly survive when implanted in
suspension [218]. Results of the present study show that packaging NSCs with ECs in a
microsphere enhances survival, as well as migration after implantation into a stroke cavity using
microspheres embedded in ECM hydrogel. These results are consistent with observation of the
same NSC:EC microsphere preparation producing an improved survival and migration of NSCs in
the normal mouse brain [105]. However, longer survival times post-implantation will need to be
investigated to evaluate if co-implantation and microsphere encapsulation will have beneficial
effects on the prolonged survival of NSCs, on the neo-and re-vascularization of tissues, as well as
the integration of NSCs into existing neural circuitries. Although these anatomical effects are
commonly considered the “desired” effects of cell implantation, a wider regional distribution of
paracrine effects (e.g. VEGF-A release) exerted by intra-cavity implantation of NSCs could invoke
a sufficient therapeutic effect to promote some behavioral recovery, as observed after single site
peri-infarct cell transplantation [168, 185].
Delivery of soluble growth factors, such as VEGF-A, through the controlled release from
biomaterials has been shown to produce a re-vascularization of damaged tissues, enhanced
neurogenesis and improved behavioral improvements after stroke damage [219]. Hyaluronic acid
(HA) is often used as a biomaterial for these applications and has been optimized for cell delivery
to selectively control NSCs survival and differentiation after stroke [208, 220]. However, other
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ECM molecules, such as laminin and collagen, have also been used for cell transplantation. Herein
we used PEG, as it is considered minimally immunogenic as a platform for further functionalization
into complex tissue constructs [221], such as an artificial neurovascular unit. Photolithography of
PEG hydrogel will further allow to imprint a microstructural organization for cells required for the
formation of complex tissue structures [222, 223], including blood vessels [224, 225]. The
biodegradable formulation of PEG microspheres afforded NSCs’ and ECs’ migration out into
surrounding microenvironments. Further functionalization of the PEG backbone with ECM
molecules to retain and guide their differentiation, in addition to the slow release of growth factors,
can be envisaged to create complex microtissues, including prototypical vessel structures, for an
accelerated tissue restoration.
We further here demonstrated that embedding of microspheres in a secondary inductive
hydrogel, such as ECM, provides an interstitial conduit for cell migration and “integration” of
multiple microspheres into a tissue. ECM hydrogel supported both the migration of implanted cells
out of microspheres and into peri-infarct tissue, but also migration of host cells into the tissue
defect. Interestingly migration of neuroblasts into the SVZ was observed, which is against the
migration direction from the SVZ to the lesion, typically observed after a stroke. This crossmigration could potentially be an essential process to ensure integration of de novo and veterate
brain tissue [217]. Implantation of NSCs in ECM hydrogel did not provide this cross-migration
between implanted and host cells [215], potentially indicating that this acellular interstitial conduit
can provide a unique environment to promote tissue formation and integration of microspheredelivered cells. In the context of engineering large tissue volumes, it is further important to consider
that in addition to microvessels and smaller vascular branches, a large vascular tree (e.g., MCA) is
required to support sufficient blood volume distribution. The use of a secondary pro-angiogenic
hydrogel in between preformed microspheres potentially could provide the environment for these
structures to form. The studies described here provide the foundation to embark on these additional
engineering challenges.
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5.5 Conclusion
Although intra-parenchymal cell implantation for the treatment of stroke has progressed to
clinical trials [171], the efficiency of delivery at 5% NSC survival remains poor [168]. We here
demonstrated a novel approach in which NSCs and ECs are encapsulated into PEG microspheres
that can be suspended in ECM hydrogel for implantation into the stroke cavity. This approach
afforded the implantation of much higher cell numbers than intraparenchymal targets, as well as
achieved a much higher efficiency of delivery. Intraparenchymal implants show limited distribution
with the peri-infarct areas and no restoration of tissue within the stroke cavity [168]. A
microsphere+ECM hydrogel delivery can achieve a much wider distribution of implanted cells and
trophic factor delivery throughout the area of damage to contribute to tissue repair. Cotransplantation of ECs with NSCs improved NSCs survival and distribution, highlighting the
potential to engineer complex prototypical tissue constructs. Tissue constructs can potentially
accelerate tissue formation and enhance the endogenous repair response. However, further
experiments are required to characterize tissue formation and integration, as well as the therapeutic
potential of this approach.
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Chapter 6: Endothelial Cell Secreted VEGF-C enhances NSC VEGFR3 Expression and
Promotes NSC Survival
6.1 Abstract
To date, there remain insufficient therapeutic treatments to promote motor and functional
recovery following intracerebral hemorrhage (ICH). Although neural stem cell (NSC) delivery
demonstrates promise, NSC survival in the inflamed brain is largely limited. Here, we investigate
endothelial cell (EC) and pericyte (PC) interactions with NSC in the neurogenic niche, specifically
delineating the role that each cell plays in NSC survival during injury. Our results demonstrate that
EC, and not PC, promote NSC cell proliferation and reduce cytotoxicity through direct cell-cell
contact under glucose deprivation (GD). Additionally, NSC proliferation was increased upon
treatment with EC conditioned media and this effect was inhibited with antagonism of VEGFR3.
In an NSC+EC co-culture, we detected high levels of VEGF-C, not seen for NSC cultured alone.
Further, exogenous VEGF-C induced NSC upregulation of VEGFR3, promoted proliferation, and
reduced cytotoxicity. Finally, we delivered polymeric microbeads containing NSC+EC into a
murine ICH cavity. VEGF-C was increasingly present in the injury site coincident with delivery of
NSC+EC, not seen upon delivery of microbeads containing NSC alone. Together, these studies
demonstrate that EC-secreted VEGF-C can promote NSC survival during injury, subsequently
enhancing the potential for cell delivery therapies used to mitigate injury due to stroke.
6.2 Introduction
Intracerebral hemorrhagic stroke (ICH) is directly associated with a mortality rate of
approximately 40-60% one year post event [226, 227]. Despite the high rate in death following
ICH, there has been relatively little research focused on the mechanisms of injury and repair, as
compared to research conducted on ischemia. ICH survivors are afflicted with broad neurological
tissue impairments, making ICH the least treatable form of stroke [228]. The immediate
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introduction of blood components, including leukocytes, erythrocytes, platelets, and proteins such
as thrombin and fibrinogen, into the intracerebral space, and subsequent tissue injury induces a
neuro-inflammatory response. Neuroinflammation is directly responsible for the subsequent
increase in astrocyte abundance in the damaged area, contributing to formation of the glial scar
[229]. There is potential, however, to harness the endogenous mechanisms that promote the
reparative process, to facilitate effective therapeutics that limit neurological damage and facilitate
regenerative repair following ICH.
Stem cell therapies have the potential to replace dead and dying cells following acute stroke
and restore damaged neural circuitry and inhibit degenerative responses to tissue injury cues caused
by stroke. Therapeutic intervention can use stem cell delivery as an approach to introduce healthy
and viable cells to the damaged surrounding tissue in the hemorrhaged area. Neural stem cells
(NSC) in particular hold promise due to their ability to differentiate into functionally specific cells
following injury cues [28]. Despite the potential benefits, NSC delivery to the injured brain remains
restricted in clinical translation due to low rates of cell survival post transplantation [230]. Tissue
engineering strategies could lend solutions to both cell injury during delivery and cell survival
following implantation.
In healthy brain tissue, NSC within the germinal regions of the adult brain interact closely
with the vasculature and its cellular components, including endothelial cells (EC) and pericytes
(PC). The vasculature is critical for providing intrinsic signals and extrinsic cues to the NSC within
the neurogenic niches [137]. Specifically, NSC contact the vasculature directly in the germinal
subventricular zone (SVZ), the largest area in the adult brain where neurogenesis occurs [9].
Beyond direct functional signaling of the NSC, vascular proliferation and neurogenesis are
regulated by many of the same factors. Both neurogenesis and angiogenesis are enhanced during
injury, and there is upregulation of neurotrophic factors such as brain-derived neurotrophic factor
(BDNF) and angiogenic factors like vascular endothelial growth factor (VEGF) [231-233].
Interestingly, VEGF-C, the main lymphangiogenic factor, activates NSC without inducing vascular
155

proliferation, unlike VEGF-A, suggesting the role of VEGF-C as an activator of NSC in the SVZ
and a regulator of neurogenesis in developing and adult brains [234, 235]. VEGFR3, the high
affinity receptor of VEGF-C, is expressed in NSC, and conditional deletion of the receptor led to a
reduction in the number of dividing neural cells [234, 236]. VEGF-C secretion and VEGFR3
expression is induced in reactive astrocytes, infiltrated macrophages, and activated microglia in a
rat ischemic model [237], however the role of EC and PC secreted VEGF-C on NSC survival has
yet to be elucidated.
Here, our objective is to probe the role of vascular secreted VEGF-C in promoting NSC
survival during injury through NSC VEGFR3 signaling, which remains unknown. We use a glucose
deprivation model (GD), as opposed to an oxygen-glucose deprivation model (OGD), since glucose
has been demonstrated to be the survival limiting factor within the classic OGD [92]. Our results
demonstrate that EC, though not PC, promote NSC proliferation and reduce cytotoxicity during
GD. We also show that NSC proliferation is partially restored following GD when NSC are treated
with EC conditioned media containing EC secreted VEGF-C. Beyond the role of EC secreted
VEGF-C, we find that exogenous VEGF-C reduces NSC cytotoxicity, enhances proliferation, and
increases VEGFR3 expression following GD, suggesting a pro-survival role of VEGF-C/VEGFR3.
To demonstrate application of our in vitro results, we deliver degradable polyethylene glycol (PEG)
microbeads containing co-encapsulated NSC and EC into the hemorrhagic stroke brain. The
delivery of co-encapsulated NSC and EC within polymeric microbeads leads to increased VEGFC secretion, not seen for NSC delivered alone. Together, the results of these studies suggest a
beneficial therapeutic effect of VEGF-C/VEGFR3 signaling within the site of ICH induced injury,
directly enhancing NSC survival following stroke.
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6.3 Methods
6.3.1 Cell Maintenance
Adherent neural cell line (ANS4) have been characterized by S. Pollard [196] to be cultured in
serum-free conditions. For tracking in vivo and in vitro co-cultures, GFP transfected ANS4s were
utilized (NSC-GFP) [114]. The commercially available immortalized mouse brain endothelial cell
line (bEND.3, ATCC) and mouse brain vascular pericytes cell line (MBVP, ScienCell) were
cultured according to manufacturer’s protocol. To deprive cells of glucose, a confluent cell layer
was gently washed 3 times in 1X PBS and replaced with glucose-free NBM-27 media (Invitrogen)
and were maintained at 37°C in 5% CO2 atmosphere for 4 or 24 hours.
6.3.2. Cell Proliferation and Cell Cytotoxicity Assay
Cell proliferation and cell cytotoxicity were measured using MTT (ThermoFisher) and LDH
(ThermoFisher) assays, respectively, following the manufacturer’s protocols. NSC, NSC+EC, and
NSC+PC were cultured in a 96 well plate at a cell-density of 10,000 cells/well. For co-cultures, a
1:1 ratio was used and maintained in NSC media. Monolayers were gently washed following 24
hours of culture, and media was replaced with GD media for 4 and 24 hours. An MTT stock was
prepared at a concentration of 5 mg/ml in PBS and added to each well at a concentration of 0.005
mg/ml. Samples were incubated for 2 hours and absorbance was read at 570 nm.
The LDH assay was conducted following the culture of cells as mentioned above for baseline and
glucose deprived samples, extra wells were cultured for spontaneous LDH and maximum LDH
assessment. After 4 and 24 hours of glucose deprivation, the assay was conducted. Sterile ultrapure
water and lysis buffers were added to designated wells for spontaneous and maximum LDH
controls, respectively, and incubated for 45 minutes. Next, samples were transferred to a 96-well
plate with added reaction mixture and incubated for 30 minutes. After addition of the stop solution,
absorbance was measured at 490 and 680 nm.
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6.3.3. Conditioned Media Treatment
NSC, EC, PC, and EC+PC were cultured in a 12 well plate at a seeding density of 100,000 cells/ml
in NSC media. After 24 hours in culture, conditioned media (CM) was collected from EC, PC, and
EC+PC, and the NSC monolayers were gently washed 3 times with 1X PBS. CM was gently added
to the NSC monolayers which were then imaged at 4 and 24 hours.

6.3.4. VEGF-C and VEGFR3 Detection
VEGF-C secretion in culture media was detected using a VEGF-C ELISA (NovusBio) following
the manufacturer's protocol. In brief, NSC, NSC+EC, and EC media were plated at a density of
100,000 cells/ml in 12 well plates in NSC media under baseline or GD. Media was collected at 4
and 24 hours for both conditions. Following protocol, absorbance was immediately measured at
450 nm.
For immunostaining of VEGF-C and VEGFR3, NSC, NSC+EC, and EC were cultured on laminin
coated coverslips for 24 hours. Next, cells either remained at baseline or were glucose deprived for
4 hours. The cells were fixed with 4% PFA, blocked and permeabilized, and stained overnight with
rat anti-VEGFR3 (Invitrogen, 1:100) or rabbit anti-VEGF-C (NovusBio, 1:100), and phalloidin.
The following day, respective secondary antibodies were added, and cells were imaged using
fluorescent microscopy (Leica). VEGFR3 expression was also quantified using flow cytometry.
Following 4 and 24 hours of GD, NSC, NSC from NSC+EC, and EC were collected, where NSC
in co-culture were detached using Accutase, ensuring EC remained adherent to the culture well.
The cells were fixed with 4% PFA, blocked and permeabilized, and stained overnight. The
following day, after secondary incubation, flow cytometry was conducted against VEGFR3
(NovusBio, 1:100 and analysis was done using FlowJo.
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6.3.5. VEGFR3 Antagonism
SAR131675 (Selleckchem) is a VEGFR3 inhibitor with IC50/Ki of 23 nM/12 nM in cell-free
assays, about 50- and 10-fold more selective for VEGFR3 than VEGFR1/2 and has little activity
against Akt1, CDKs, PLK1, EGFR, IGF-1R, c-Met, and Flt2 [238-240]. SAR131675 was diluted
to a 5 mM concentration in DMSO and following incubations at baseline or glucose deprivation,
NSC VEGFR3 was blocked at a concentration of 50 nM for 24 hours.

6.3.6. Exogenous VEGF-C Treatment
Recombinant VEGF-C (Sigma) was reconstituted in 0.1% acetic acid to a concentration of 0.1
mg/ml. NSC were plated at a density of 100,000 cells/ml in 12 well plates in NSC media.
Following 24 hours of culture, culture media was changed to GD media. After 4 hours of GD,
VEGF-C was added at a concentration of 10 ng/ml. For comparison, NSC were also maintained at
baseline or maintained under GD for an additional 24 hours. All conditions were then assessed
using an MTT and LDH assay as described above. In addition, NSC were collected and VEGFR3
was quantified via flow cytometry as described above.

6.3.7. Synthesis of PEGDA and PEG Derivatives
Polyethylene glycol diacrylate (PEGDA) was prepared as previously described [82, 105, 119]. In
order to create bioactive PEG derivatives, adhesive peptides and an MMP degradable sequence
were conjugated to PEG using previously described methods [105, 166]. The fibronectin derived
peptide arginine–glycine–aspartic acid-serine (RGDS) and laminin derived peptide tyrosineisoleucine-glycine-serine-arginine (YIGSR) have each demonstrated the ability to support cell
adhesion of EC and NSC, respectively [82, 147]. RGDS and YIGSR were reacted with acryloylPEG-N-hydroxysuccinimide Ester (PEG-NHS, 3500 Da) in 50 mM sodium bicarbonate (pH 8.5)
at a 1:1 (peptide: PEG) molar ratio for 2 hours at room temperature, dialyzed, frozen, and
lyophilized. Degradable constructs were created through the conjugation of the degradable
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sequence glycine-glycine-leucine-glycine-proline-alanine-glycine-glycine-lysine (GGLGPAGGK;
LGPA) to PEG as previously described [105, 163], reacting LGPA in sodium bicarbonate at a 1:2
(peptide:PEG) molar ratio for 24 hours at room temperature. The polymer was then dialyzed,
frozen, and lyophilized. Lastly, for tracking of microbeads in vivo, a fluorescent tag was conjugated
by dissolving PEG-RGDS in 0.1 M sodium bicarbonate buffer (pH 8.5) and dissolving Alexa
Fluor™ 488 (AF-488) NHS Ester (Succinimidyl Ester) (ThermoFisher Scientific) in
dimethylsylfoxide (DMSO, 1 mg/100 µl). AF-488 was added to PEG-RGDS at a 10:1 molar ratio
of dye to conjugated polymer, reacted for 2 hours at room temperature, then dialyzed for 24 hours,
frozen, and lyophilized.

6.3.8. Microbead Synthesis
Recently, we created and optimized PEG microbeads, either degradable or non-degradable, with or
without encapsulated cells [105, 166]. In brief, we use an oil emulsion technique where we combine
25 μl of aqueous pre-gel solution containing 0.1 g/mL 10 kDa PEGDA, 1.5% (v/v) triethanolamine
in 1X Dulbecco’s Phosphate Buffered Saline (PBS), 3.4 μl/mL 1-Vinyl-2-pyrrolidinone, 10 μM
Eosin Y, and 0.25% (v/v) Pluronic to an oil phase, containing 3 μl photoinitiator (300 μg 2, 2dimethoxy-2-phenyl-acetophenone/ ml NVP) per ml mineral oil. The phases were then vortexed
for 13 seconds and exposed to white light for 3 minutes. Microbeads were separated from the oil
phase through a series PBS washes, centrifuging for 5 minutes at 1200 RPM, decanting mineral oil
between washes. To add a fluorescent tag to microbeads, 2 mM PEG-RGDS-AF488 was added to
the pre-gel solution. For cell encapsulated microbeads, 2 mM PEG-YIGSR and 2 mM PEG-RGDS
were added to the aqueous pre-gel solution [105, 166]. NSC and EC pellets were resuspended in
pre-gel at a final concentration of 75 x 106 cells/ml, using NSC:EC at a 1:1 ratio. Next, 25 μl of the
pre-gel and cell suspension were mixed thoroughly and added to the mineral oil phase as previously
mentioned. The polymer and cell phase were crosslinked with white light, then separated from the
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oil phase through washes with NSC media and decanting the oil phase. Lastly, microbeads were
transferred to a well plate and maintained in the incubator for 48 hours prior to ICH brain injections.
6.3.9. Animals
C57BL/6 mice were purchased from Jackson Laboratories. All mice were bred under specificpathogen-free conditions with a 12-hour light/dark cycle in a temperature-controlled environment
and ad libitum access to water and food pellets. All experimental protocols were conducted in
accordance with the NIH guidelines and were approved by the Yale Institutional Animal Care and
Use Committee.
6.3.10. Collagenase ICH mouse model and Microbeads injection
The mice were anesthetized through 2-5% isoflurane inhalation and ventilated with oxygenenriched air (20:80%). To create an ICH lesion, mice were injected with 1 μl of 0.24 U type VII
collagenase (from Clostridium histolyticum, Sigma-Aldrich) at a rate of 0.2 μl/min into the right
striatum relative to the bregma: 2.1 mm lateral and 3.5 mm deep. The craniotomy was sealed with
bone wax, and the scalp was closed with tissue adhesive (3M Vetbond). During the surgery, rectal
temperature was maintained at 37.0 ± 0.5°C throughout the experimental and recovery periods (DC
Temperature Controller 40-90-8D; FHC Inc.).
After 7, 14, or 28 days of ICH collagenase injection, mice were anesthetized by isoflurane as
mentioned above. Microbeads were injected at the same injection point, depth and speed as
mentioned above. Prior to sacrificing mice at 24 or 48 hours after microbead injection, BrefeldinA was injected through a tail vein injection for each mouse using previously described methods
[241]. In brief, a 0.25 mg/ml solution of Brefeldin-A was made, and 100 μl was injected to the tail
vein of each mouse using an insulin syringe 6 hours prior to sacrifice.
6.3.11. Tissue Processing and Immunohistochemistry
Mice were transcardially perfused with 20 ml PBS followed by 20 ml 4% PFA. Brains were then
harvested and post-fixed in 4% PFA overnight at 4°C. Next, brains were transferred to 30% sucrose
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for 48 hours and embedded in OCT. Sections were cut at a thickness of 50 μm and stored in 30%
glycerin prior to imaging.
Sections were rinsed 3 times in PBS and blocked and permeabilized with 5% normal donkey serum
and 2% Triton X-100 in PBS for 1 hour at room temperature. Sections were then incubated with
the following antibodies at 4°C overnight: chicken anti-GFP (Abcam, 1:1000), rabbit Iba-1
(NovusBio, 1:100), and rabbit anti-VEGF-C (NovusBio, 1:100). The following day, respective
secondary antibodies were added for 2 hours at room temperature, sections were mounted using
Dapi mounting media, and images were taken using a fluorescent microscope (Leica).
6.3.12. Statistics
All statistical analyses were performed using GraphPad Prism 7 software. Significance was
determined with either a one-way ANOVA with multiple comparisons, or by an unpaired t-test as
appropriate. Data were expressed as mean ± SEM and the differences were considered significant
at P values of <0.05.
6.4 Results
6.4.1 EC Increase NSC Proliferation and Decrease NSC Cytotoxicity during Glucose
Deprivation
EC are known to promote NSC survival, proliferation, and differentiation post
transplantation into the ischemic injured brain [242]. Although this pro-survival effect of EC on
NSC has been demonstrated in oxygen-glucose deprivation models, it has not been investigated
solely in the absence of glucose [243]. To investigate the role of EC and PC in promoting NSC
survival during GD, we cultured NSC, NSC+EC, and NSC+PC in a 1:1 ratio, and then deprived
samples of glucose for 4 or 24 hours. NSC cultured alone appear unhealthy and unattached by 24
hours, mostly floating or dead (Figure 6.1a), however NSC-GFP in the presence of EC remain
adherent to the culture well, in a clustered phenotype (Figure 6.1a). On the other hand, NSC-GFP
in the presence of PC look unhealthy, unattached, and fragmented by 24 hours (Figure 6.1a). We
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quantified cell proliferation at 4 and 24 hours using an MTT assay (Figure 6.1b), which assesses
cell metabolic activity and reflects the number of viable cells present. After 4 and 24 hours, NSC
had a significant reduction in proliferation (P<0.0001) compared to NSC baseline control. To our
excitement, there was no significant difference between NSC+EC after 4 and 24 hours of glucose
deprivation compared to NSC baseline control (P=0.8588 and P= 0.1740, respectively). In contrast,
we see a significant reduction in NSC proliferation for NSC+PC at 4 and 24 hours (P<0.0001 and
P=0.0001, respectively). These results were supported by the results of an LDH assay, measuring
extracellular lactate dehydrogenase, to assess cytotoxicity (Figure 6.1c). NSC under 4 and 24 hours
of GD had a significant increase in cytotoxicity, as compared to NSC baseline control (P <0.0001).
On the other hand, we see no significant difference in cytotoxicity at 4 and 24 hours for NSC+EC
compared to NSC baseline control (P=0.9067 and P= 0.0655, respectively). In contrast, NSC
cultured with PC, exhibited a significant increase in cytotoxicity at both time points, as compared
to NSC baseline control (P=0.0007 and P=0.0009, respectively). We also cultured EC and PC up
to 48 hours under GD and evaluated their cytotoxicity to ensure effects seen were due to NSC, and
not EC or PC (Supplementary Figure A4.1). In total, the results suggest that EC, and not PC, are
contributors to NSC proliferation and reduced NSC cytotoxicity in response to glucose deprivation.
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Figure 6. 1. EC increase NSC proliferation and decrease NSC cytotoxicity during glucose
deprivation. A) NSC, NSC+EC, and NSC+PC at baseline (left column), 4 hours of glucose
deprivation (middle column) and 24 hours of glucose deprivation (right column), using NSC with
a GFP tag in co-cultures. Scale bar (100 µm representative of all images. B) Cell proliferation for
NSC baseline control and NSC, NSC+EC, and NSC+PC under GD at 4 hours (left) and 24 hours
(right). C) Cell cytotoxicity for NSC baseline control and NSC, NSC+EC, and NSC+PC under GD
at 4 hours (left) and 24 hours (right).
6.4.2 VEGF-C Secretion is Increased in Co-Cultures of NSC+EC during Glucose Deprivation
VEGFR3 is present in SVZ resident NSC and VEGF-C is synthesized in the lateral
ventricle walls, suggesting that VEGF-C may stimulate NSC expressing VEGFR3. In addition,
overexpression of VEGF-C has led to stimulation of NSC VEGFR3, positively impacting
neurogenesis in the SVZ [234]. To investigate the role of EC secreted VEGF-C, we quantified
VEGF-C secretion through an ELISA at 4 and 24 hours for NSC, NSC+EC, and EC at baseline and
GD (Figure 6.a-b). For NSC, there was a slight increase in VEGF-C secretion during GD compared
to baseline at 4 hours (P= 0.0027), and there is no significant change in VEGF-C secretion at 24
hours (P= 0.1330). In contrast, NSC+EC had a significant increase in VEGF-C expression during
GD compared to baseline at both 4 and 24 hours (P <0.0001 and P= 0.0002, respectively). EC
alone had similar VEGF-C secretion during baseline and GD at 4 hours (P= 0.7898) and an increase
at 24 hours (P= 0.0010). Since EC VEGF-C levels are about two-fold higher compared to NSC
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under GD at 4 and 24 hours, and this increase is similar for NSC+EC, these data suggest EC are
the main secretors of VEGF-C during GD.
We conducted immunofluorescent staining to visualize VEGF-C nuclear and cytoplasmic
localization during baseline and GD at 4 hours (Figure 6.2c-d). NSC have nuclear staining for
VEGF-C during both conditions, seen through co-localization of VEGF-C and Dapi. For a coculture of NSC+EC, we distinguish the two cell types by their nuclear size stained with Dapi and
cell cytoskeleton stained with Phalloidin; NSC have small nuclei with thin, long bodies, and EC
have much larger nuclei with large, extended bodies. In co-culture, EC have both nuclear and
cytoplasmic presence of VEGF-C, and this is seen more intensely during GD. This agrees with our
ELISA data, suggesting EC secrete higher levels of VEGF-C during GD when co-cultured with
NSC. We see a similar pattern for EC nuclear and cytoplasmic staining for monocultures of EC
under GD, further supporting our hypothesis that EC secreted VEGF-C both under resting
conditions and further increased may act upon NSC during GD.
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Figure 6. 2. VEGF-C secretion is increased in co-cultures of NSC+EC during glucose
deprivation. A) VEGF-C secreted levels for NSC, NSC+EC, and EC at 4 hours under baseline and
GD. B) VEGF-C secreted levels for NSC, NSC+EC, and EC at 24 hours under baseline and GD.
C) Immunofluorescent images for NSC, NSC+EC, and EC at 4 hours under baseline (left) and GD
(right), staining against VEGF-C (red), Dapi (blue), and Phalloidin (green). Scale bar (50 µm)
representative of all images.
6.4.3. NSC VEGFR3 Expression is Increased in Co-Cultures of NSC+EC
VEGF-C stimulates neurogenesis by directly interacting with VEGFR3 on neural cells
[236]. In addition, deletion of VEGFR3 within NSC negatively impacts neurogenesis in the mouse
SVZ [234]. VEGFR3 is expressed by SVZ NSC, and VEGF-C can stimulate mitosis of VEGFR3
expressing SVZ-derived NSC. In fact, SVZ neurogenesis is VEGFR3 dependent. We quantified
cell VEGFR3 expression by flow cytometry on NSC, NSC from an NSC+EC co-culture, and EC,
during baseline and GD at 4 and 24 hours (Figure 6.3a-b, Supplementary Figure A6.2).
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Interestingly, we see a significant decrease in VEGFR3 expression for mono- cultured NSC
following 4 hours of GD compared to baseline (P<0.0001), which was no longer significant at 24
hours (P=0.0537). This was not the case of NSC cultured with EC, where NSC have a significant
increase in VEGFR3 expression at both 4- and 24-hours GD compared to baseline (P=0.0106 and
P<0.0001, respectively), suggesting that NSC VEGFR3 expression increases with prolonged GD
exposure. EC, on the other hand, expressed VEGFR3 at high levels during baseline, as expected
since VEGFR3 is abundant on angiogenic blood vessels [244]. EC VEGFR3 expression remained
unchanged following 4 hours of GD, and there was an increase following 24 hours of GD compared
to baseline (P= 0.0038). In total, our results suggest that NSC VEGFR3 expression is increased in
co-culture with EC, potentially by EC-derived VEGF-C, as shown in Figure 6.2.
We conducted immunofluorescent staining to visualize VEGFR3 expression at baseline and 4 hours
of GD (Figure 6.3c). As above, we differentiate NSC from EC in co-cultures by the presence of
thin, elongated NSC bodies with small nuclei, as compared to the large, extended EC bodies with
much larger nuclei (~2 fold). We can visualize the reduction in NSC VEGFR3 expression following
4 hours of GD compared to baseline control (Figure 6.3c), which was unlike NSC VEGFR3
expression when in co-culture with EC. Our immunofluorescent staining complements our flow
cytometry data, confirming the changes in NSC VEGFR3 expression during GD.
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Figure 6. 3. VEGFR3 expression is increased in co-cultures of NSC+EC during glucose
deprivation. A) VEGFR3 expression for NSC, NSC+EC, and EC at 4 hours under baseline and
GD. B) VEGFR3 expression for NSC, NSC+EC, and EC at 24 hours under baseline and GD. C)
Immunofluorescent images for NSC, NSC+EC, and EC at 4 hours under baseline (left) and GD
(right), staining against VEGFR3 (red), Dapi (blue), and Phalloidin (green). Scale bar (50 µm)
representative of all images.

6.4.4 EC Conditioned Media Increases NSC Proliferation Following Glucose Deprivation
when VEGFR3 is not Blocked
We have demonstrated that co-culturing with EC, and not PC, has a pro-survival effect on
NSC following GD, and identified VEGF-C as a potential mediator of survival and
proliferation. We then investigated directly tested whether soluble factors from EC or PC could
rescue NSC after GD and support NSC proliferation. We deprived NSC of glucose for 4 hours
(Figure 6.4a then recovered NSC in cultured media (CM) from EC, PC, and EC+PC for 24 hours.
We see that NSC recovered in EC CM are adherent, and some cells had a clustered phenotype,
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which was in stark contrast to NSC recovered in PC CM, which appear to be unhealthy and
unattached to the culture well (Figure 6.4b). NSC recovered in EC+PC CM appear to be partially
adherent, and partially unattached (Figure 6.4b).
Next, we tested if NSC can no longer respond to pro-survival cues from supporting cells
in the presence of a VEGFR3 antagonist, SAR131675, at a concentration of 50 nM for 24 hours.
Interestingly, NSC were unhealthy and unattached when recovered in EC CM + VEGFR3
antagonist (Figure 6.4c). This was also apparent for NSC with VEGFR3 antagonists recovered in
EC+PC CM (Figure 64c). We then quantified proliferation in this rescue paradigm for the different
CM conditions by MTT assay. We found a significant increase in NSC proliferation for NSC
recovered in EC CM as compared to NSC remained under GD (P=<0.0001), which was less
significant for NSC recovered in PC CM (P=0.0220) (Figure 6.4d). When recovered in EC+PC
CM, NSC had a significant increase in proliferation compared to NSC remained under GD
(P=<0.0001) (Figure 6.4d), suggesting EC are the main contributors of soluble factors that have a
pro-survival impact on NSC. However, in the presence of the VEGFR3 antagonist, there was no
significant difference for recovery in EC CM, PC CM, and EC+PC CM when compared to NSC
remaining under GD (Figure 6.4d). This suggests that VEGFR3 is crucial for NSC to respond to
pro-survival secreted factors, and without VEGFR3, NSC proliferation cannot be restored by ECsecreted factors.
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Figure 6. 4. EC conditioned media increases NSC proliferation following glucose deprivation
with VEGFR3 antagonist. A) NSC under 4 hours of GD, B) recovered in EC, PC, and EC+PC
conditioned media. C) NSC with VEGFR-3 antagonist recovered in EC, PC, and EC+PC
conditioned media. D) NSC proliferation for baseline control and GD, NSC recovered in EC, PC,
and EC+PC CM, and NSC with VEGFR3 antagonist recovered in EC, PC, and EC+PC CM. Scale
bar (100 µm) representative of all images.

6.4.5 Exogenous VEGF-C Treatment Promotes NSC Proliferation, Decreases Cytotoxicity,
and Increases VEGFR-3 Expression during Glucose Deprivation
Having observed that EC secrete VEGF-C, and VEGF-C was significantly higher for
NSC+EC under GD compared to baseline, we sought to determine if exogenous VEGF-C promotes
NSC health during GD independently of EC. We glucose-deprived a monolayer of NSC for 4 hours,
then treated the NSC with exogenous VEGF-C at a concentration of 10 ng/ml, maintained for 24
hours, or kept the NSC under GD up to 24 hours. A NSC monolayer with glucose served as our
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control. NSC under GD treated with VEGF-C remained mostly adherent, especially compared to
NSC under GD with no treatment, which were fragmented and unattached (Figure 6.5a).
Interestingly, NSC under GD with no treatment had a significant reduction in VEGFR3 expression
(less than ½ -fold compared to NSC control) (Figure 6.5b). On the contrary, NSC under GD with
VEGF-C treatment have a significant increase in VEGFR3 expression compared to NSC control
(~1.5-fold), agreeing with our previous results that VEGFR3 expression is increased with EC coculture and the increased EC secretion of VEGF-C after GD (Figure 6.2 and 6.3). In addition, we
conducted a MTT and LDH assay for cell proliferation and cytotoxicity, respectively. We see a
sharp drop in NSC proliferation for NSC remained under GD compared to NSC control (Figure
6.5c). In contrast, NSC under GD with VEGF-C treatment had a significant increase in proliferation
compared to NSC remained under GD (P<0.0001) (Figure 6.5c). Although the addition of VEGFC does not completely return proliferation to levels of NSC control, our results demonstrate that
VEGF-C plays an important role in promoting NSC health following GD. Likewise, our
cytotoxicity data demonstrates a significant increase in NSC cytotoxicity under GD compared to
control (P<0.0001) and compared to NSC under GD treated with VEGF-C (P<0.0001) (Figure
6.5c). Although not completely abrogating cell death, there was a slight increase in NSC
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cytotoxicity for NSC under GD treated with VEGF-C (P=0.0229) as compared to control.

Figure 6. 5. Exogenous treatment with VEGF-C increases VEGFR-3 expression, promotes
NSC proliferation, and decreases cytotoxicity. A) Brightfield images of NSC control, NSC under
GD for 24 hours, and NSC under GD for 4 hours then treated with VEGF-C for 24 hours. B)
VEGFR-3 quantification, C) NSC proliferation, and D) NSC cytotoxicity for NSC control, NSC
under GD for 24 hours, and NSC under GD for 4 hours then treated with VEGF-C for 24 hours.
Scale bar (100 µm) representative of all images.

6.4.6 NSC+EC Encapsulated Microbeads Lead to Greater VEGF-C Expression in Tissue
Compared to Blank Microbeads and NSC Encapsulated Microbeads
Microbeads were created through an dual oil emulsion technique (Figure S3), where
microbeads have an average diameter of ~150 microns and have undergone optimization for
microbead size, cells/microbead, and the cell ratio of NSC+EC co-encapsulated microbeads [105].
The microbeads are degraded by matrix metalloproteinases, allowing release of cells under
inflammatory conditions. Recently, we have demonstrated that NSC co-encapsulated with EC in
polymeric PEG microbeads enhanced NSC viability and maintained NSC quiescence compared to
NSC encapsulated alone prior to and post injection into a non-injury mouse model. In addition, coencapsulated NSC+EC microbeads retained NSC survival and quiescence post-delivery to a noninjury mouse model better than NSC encapsulated alone. In addition, the microbeads used to deliver
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cells did not induce an immune response, compared to freely injected cells, ultimately enhancing
cell viability [105].
To further assess the delivery of NSC and NSC+EC in microbeads, we began to deliver
cell encapsulated microbeads in vivo after intracerebral hemorrhage (ICH) [245]. After ICH, the
brain injury cavity where ideally NSC could help restore function no longer has a blood
supply. The resulting nutrient deprivation for cells may impede NSC survival. First, we began
optimizing the injection time points by delivering non-degradable, fluorescent microbeads with no
encapsulated cells to ensure we were injecting into hemorrhage cavity. We found that 30 days post
ICH formation, the cavity was no longer visible (Supplementary Figure A4.4), where the microbead
injection causes a cavity through the pressure exerted, making this time point unsuitable injections.
At 14 days, there is a cavity we can target effectively, however microbeads did not degrade, thus
we moved to an earlier time point to capitalize on inflammation leading to microbead degradation.
Finally, we concluded that injecting into the cavity 7 days post ICH induction and sacrificing mice
2 days following injection allowed for complete degradation of microbeads as well as cell escape
from the microbeads, in addition to migration along white matter tracts where the hemorrhage
commonly extends (Supplementary Figure A4.5).
Mice were injected with Brefeldin-A prior to sacrificing animals for processing to maintain
cellular localization of secreted factors for immunofluorescent assessment. Brain sections were
stained for VEGF-C to assess VEGF-C production by endogenous and exogenous cells in the
hemorrhage cavity as well as the tissue surrounding the injury. Degradable microbead constructs
with no cells result in little to no VEGF-C secretion surrounding the microbeads or hemorrhage
cavity (Figure 6.6a), as expected, since PEG is known to be an inert material. When NSC were
injected alone, there was slight VEGF-C secretion around the injection area (Figure 6.6b) where
most NSC-GFP cells do not express VEGF-C. In addition, there was faint secretion for VEGF-C
+

in the injection area or in the surrounding damaged tissue. However, NSC+EC co-encapsulated
microbeads produce high VEGF-C secretion in cells surrounding the microbead constructs, as well
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as along the injection tract (Figure 6.6b). Here, we see many VEGF-C+ cells, unlike when NSC are
encapsulated alone, and cells in the injection area as well as throughout the damaged tissue are
VEGF-C . This suggests that both in vitro and in vivo, NSC+EC together provide a VEGF-C rich
+

environment in response to injury.

Figure 6. 6. NSC+EC encapsulated microbeads led to VEGF-C secretion in tissue A) ICH
brain sections with implanted degradable green microbeads containing no cells, staining against
VEGF-C (red), microbeads (green), and Dapi (blue). B) ICH brain sections with implanted
degradable microbeads containing encapsulated NSC-GFP and C) co-encapsulated NSC-GFP and
EC, staining against VEGF-C (red), NSC-GFP (green), and Dapi (blue). Scale bar (50 µm)
representative of all images.
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6.5 Discussion
Stroke is among the leading causes of death and disability worldwide, partly due to the lack
of effective therapies to facilitate the recovery of damaged brain tissue [246]. In particular, ICH
leads to an extremely high mortality rate and inflammatory responses may persist for weeks,
leading to an inhabitable environment for NSC [247, 248]. Stem cell therapies used to treat
neurological diseases are promising, owing to their innate ability to enhance endogenous repair
mechanisms and promote functional recovery. Stem cell therapy has been investigated for the
treatment of ICH and has shown promising results [249]. However, there are extremely low levels
of transplanted cell survival within the inflamed, cytotoxic brain [250].
A successful cell delivery strategy can build upon the interactions between NSC and
vascular cells to enhance NSC survival in vivo, recovering the abundance and differentiation of
neurons in the damaged tissue. During injury, NSC from the SVZ, the largest area pool of
proliferating NSC in the adult brain, become activated. NSC directly interact with EC and PC, and
studies highlight the interaction between NSC and the vasculature [5, 139, 157]. The molecular
mechanisms by which EC and PC impact NSC at homeostasis and during stroke are incompletely
described [2, 251, 252]. Diffusible secreted signals from vasculature, specifically EC, are known
to increase survival, proliferation, differentiation, and migration of NSC in vitro using an OGD
model and in vivo during ischemia [88, 89]. Here, we investigate the role VEGF-C plays in NSC
survival during GD, which has been speculated to be responsible for NSC transitioning into
neuroblasts [236, 253].
We demonstrate that NSC cell contact with EC, but not PC, significantly enhanced NSC
proliferation and reduced NSC cytotoxicity during GD. Through our CM studies, we conclude EC
CM can significantly enhance NSC proliferation in response to GD as compared to NSC under GD.
For NSC with a VEGFR3 antagonist, this proliferation enhancement was diminished, heightening
the necessity for VEGFR3. Interestingly, we see that co-cultures of NSC+EC under GD have
significantly higher levels of VEGF-C than NSC under GD, where EC alone have the highest
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secreted levels, suggesting EC are the main contributors to VEGF-C secretion during GD. Along
with elevated VEGF-C in co-cultures, we see NSC from NSC+EC have significantly higher levels
of VEGFR3 during GD, suggesting the correlation of elevated VEGF-C with increased VEGFR3
expression because of the chemokine’s availability. These data demonstrate the positive effect of
VEGF-C/VEGFR3 during GD and encourage the usage of this cytokine for therapeutic exploration.
Due to NSC dependence on vascular cells for appropriate response during health and
disease, a co-transplantation of NSC with a native SVZ cell type may be key to overcoming
limitations of NSC survival and early differentiation seen when NSC are transplanted alone. To
address the challenges of cell damage during delivery and introduction into an injured and hostile
microenvironment, we recently demonstrated that the co-encapsulation of NSC+EC in PEG
microbeads promoted NSC quiescence prior to and post-delivery into a non-injury model, enabling
NSC protection during delivery and escape from the microbeads only upon appropriate placement
of the beads into the region of interest [105]. In addition, PEG, known as an inert material, reduced
inflammatory response compared to freely injected cells, suggesting these biomimetic units can be
used to promote NSC survival, maintain NSC quiescence prior to injection and reduce
inflammation that can inhibit NSC survival upon transplantation [105].
In the current study, we inject cell-encapsulated microbeads to an ICH cavity, rather than
a non-injury model, to further validate the efficacy of our delivery system to another injury model.
Here, we demonstrate that following 7 days of hemorrhage induction, the cavity was activated
enough to degrade our MMP-degradable microbeads and allow for cell escape. Using a BrefeldinA injection to allow for intracellular cytokine visualization, our results show that NSC+EC
encapsulated microbeads lead to a more prominent VEGF-C secretion in the ICH cavity and tissue
surrounding the cavity as compared to NSC encapsulated alone or microbeads with no cells. This
provides further evidence that VEGF-C is produced by the NSC + EC cells at the site of injury and
may play a significant role in promoting NSC survival.
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In summary, we have demonstrated that VEGF-C/VEGFR3 could promote NSC survival
in a milieu with compromised nutrient availability such as an injured brain. To our advantage, EC
secrete elevated levels of VEGF-C, and NSC VEGFR3 was elevated in response to cell contact
with EC and in the presence of VEGF-C. There are other pro-survival factors which can also aid
this response, many of which have been attributed to enhanced NSC survival. These include
insulin-growth factor-1 (IGF-1) and BDNF, which have demonstrated promising results as acute
therapies. These have been administered effectively after 30 and 15 min post MCAO, respectively,
and the growth factors led to a reduction in infarct volume [16]. In addition, a metabolic switch
may play a role in allowing NSC to proliferate in an injury-state. It has been demonstrated that
NSC survive with lactate in a glucose-free environment [254]. Interestingly, EC secrete lactate
during ischemia [255], so there may be a potential link between EC promoting a metabolic switch
for NSC under GD that promotes survival. Nonetheless, the effect of VEGF-C was pronounced on
NSC proliferation, reduction of cytotoxicity, and enhancement of NSC VEGFR3 expression. The
findings suggest that EC-derived VEGF-C aids in NSC survival and proliferation within injured
tissue and should be investigated further as potential therapeutic to augment local stem cell
therapies.
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Chapter 7: Conclusions & Future Directions
7.1 Conclusions
In the subventricular zone (SVZ), neural stem cells (NSC) interactions with the vasculature
directly impact NSC differentiation, survival, and migration. Endothelial cells (EC) and pericytes
(PC) in this neurogenic niche deliver nutrients and soluble factors crucial for NSC survival [22].
These interactions are crucial for maintaining brain homeostasis and promoting the appropriate
response to injury cues. Although stroke is one of the leading causes of death and disability
worldwide, a treatment that promotes long term functional and motor recovery does not exist.
Biologists can harness the positive impact of vascular cells on NSC functionality in order to
improve the current state of stem cell therapies.
In our work, we investigate the role EC and PC have on NSC migration and survival, and
created a tissue engineered construct to encapsulate and deliver cells to the stroke injured brain. In
Chapter 3, we determined that EC, and not PC, promote NSC migration using a 2D scratch assay,
a 3D biomimetic hydrogel, and a microfluidic system. Furthermore, we demonstrated that NSC
clustering is a pre-requisite to NSC migration, and our results show that EC soluble factors are
responsible for the necessary step of NSC clustering. We investigate the role of EC secreted MMP2
which enhanced NSC N-cadherin expression, diminished through the use of an MMP2 inhibitor.
MMP2, known to activate the EGFR cascade that allows for NSC cell polarization and migration,
is thereby necessary for NSC clustering, and we conclude that EC secreted MMP2 plays a crucial
role for NSC to respond appropriately to injury.
In Chapter 4, we discuss the creation and optimization of poly- (ethylene glycol) (PEG)
microbeads with NSC or NSC+EC encapsulated within. Our results show that EC promote NSC
quiescence prior to and post-delivery to the mouse non-injury model. In addition, co-encapsulated
microbeads have a reduction in immune cell activation and exogenous cell death as compared to
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freely injected cells. In summary, our work demonstrated promise for the delivery of NSC+EC
encapsulated microbeads to an injury model. This was then assessed in Chapter 5, where the
delivery of microbeads was optimized for two rat stroke models – photothrombotic and middle
cerebral artery occlusion (MCAo). Upon optimization of the injection parameters, we injected NSC
and NSC+EC encapsulated microbeads to both models using a porcine bladder derived
extracellular matrix (ECM) hydrogel as a suspension vehicle. The ECM vehicle improved retention
of microbeads within the cavity and promoted cell infiltration both into the ECM as well as into
the surrounding tissue, suggesting that this suspension vehicle can improve the delivery and
migration of cell encapsulated constructs into the infarct area.
Lastly, in Chapter 6 we assess the role of vascular cells on NSC survival during glucose
deprivation (GD). We conclude that EC, and not PC, promote NSC cell proliferation and reduce
cytotoxicity through direct cell-cell contact during GD. Additionally, NSC proliferation was
increased upon treatment with EC conditioned media, which was inhibited with VEGFR3 blocking.
We detected that NSC+EC co-cultures have high levels of VEGF-C, not seen when NSC were
cultured alone. Furthermore, exogenous VEGF-C induced NSC upregulation of VEGFR3,
promoted proliferation, and reduced cytotoxicity. Finally, we delivered polymeric microbeads
containing NSC+EC into the ICH cavity of a murine stroke model. VEGF-C was increasingly
present in the injury site coincident with delivery of NSC+EC, while such an increase in VEGF-C
was not seen upon delivery of microbeads containing NSC alone. Together, these studies
demonstrate that EC-secreted VEGF-C can promote NSC survival during injury, subsequently
enhancing the potential for cell delivery therapies used to mitigate injury due to stroke.
In summary, our work focusing on microvascular signaling in the neurogenic niche has
provided great insight as to how neurogenesis is dependent upon vascular interactions. By building
upon the pro-migratory and pro-survival effects vascular cells have on NSC, we can further enhance
the state of tissue engineered delivery systems in order to create long-term, effective cell delivery
therapies for neurological diseases.
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7.2 Future Directions
Throughout the course of this work, many models were created and optimized in order to
mimic brain train, in addition to sophisticated microfluidic chambers to aid migratory assessment.
The models utilized in this work can be applied to various disease states and pathologies, such as
lung fibrosis. Through the duration of this work, we utilized a 3D tissue roll with encapsulated cells
to create a gradient of hypoxia and nutrient deprivation. During the optimization of this system, a
large quantity of cells were required, therefore we used EC due to their rapid proliferation rate and
low cost. This model can be used to mimic lung fibrosis, where EC and PC can be utilized within
this 3D system, applying injury activations previously investigated by the Gonzalez lab. In addition
to mimicking oxygen glucose deprivation gradients using this 3D model, NSC survival can be
probed to investigate the role of metabolic switches that may play a role in cell viability. We have
observed that lactate is upregulated in co-cultures of NSC and EC during glucose deprivation,
therefore a metabolic switch to lactate utilization may be partially responsible for enhanced NSC
survival in the presence of EC. This hypothesis requires further investigation, as detailed below.
7.2.1 3D model tissue role to mimic oxygen glucose deprivation
To better mimic the gradient achieved from ischemic core to penumbra, we have created a
3D tissue role model based on previously established methods [256-258]. This consists of a thin
collagen gel (∼40 μm thick), 13 mm long and 0.5 mm wide (Figure 7.1a) with encapsulated cells
within. To handle the gel to create a roll, we placed a thin layer of cellulose atop the collagen gel.
After 24 hours of cell remodeling in the collagen, the strip was rolled around an aluminum spool
(Figure 7.1b) so that cells on the interior are limited in nutrients and oxygen compared to those on
the sixth exterior layer. Thus far, we have verified high cell viability in this construct for NSC, EC,
and PC, and have validated a hypoxic gradient for EC in the interior sections using EF5 stain
(Figure 7.1c-d). In the future, all cell types can be assessed to probe NSC viability with and without
the presence of EC and PC in this 3D setting. By digesting the collagen strip, we can conduct
analysis to observe cellular response in mono-or co-cultures to probe the protective effect of EC or
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PC in this setting at distinct sections of the tissue strip. In addition, this system can be easily
manipulated to mimic lung fibrosis and visualize the changes in EC and PC phenotype in response
to injury cues. Lastly, the system can be optimized further by using the bioprinter for the Yale
Biomedical Engineering Department to print a thin collagen strip in order to simplify the process
further.
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Figure 7. 1. Development of 3D hypoxic tissue roll. A) Schematic of collagen hydrogel with
encapsulated cells and cellulose sheet atop which wraps around an aluminum spool (B) that can be
cultured to create an oxygen and nutrient gradient between layers 1 (inner) to 6 (outer). C) EF5
immunofluorescent images and D) quantification verify creation of hypoxic core.

7.2.2 Investigation of Cell Metabolism
As discussed in Chapter 6, EC promote NSC proliferation, reduce NSC cytotoxicity, and enhance
NSC VEGFR3 expression in response to glucose deprivation. Although we see a pro-survival
impact on NSC by EC secreted VEGF-C, and a role for VEGF-C/VEGFR3 in NSC survival in
response to injury cues, the metabolic switch of NSC in response to glucose deprivation (GD)
remains undiscovered. It has been demonstrated that EC generate the majority of their energy
through the glycolytic conversion of glucose to lactate [255]. In addition, neurons and neural
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progenitor cells cultured in glucose-free media with lactate as the sole metabolic substrate did not
have a change in relative total caspase activity, which is seen only without both glucose and lactate
[254]. To assess if EC secreted lactate is increased in a co-culture of NSC+EC, we used the LactateGlo Assay (Promega) following manufacturer’s protocol. In brief, media from NSC, NSC+EC, and
EC was collected following baseline and 4 hours of GD. Following protocol, the luminescent signal
was recorded which is proportional to the amount of lactate in the sample. Our results show that
lactate is significantly enhanced for EC under GD, and similarly, NSC+EC have significantly
higher lactate levels compared to NSC+EC under baseline conditions (Figure 7.2). This suggests
that a metabolic switch may play a role in promoting NSC survival when in direct culture with EC
during GD. To further probe this, research can be conducted using the Seahorse assay to observe
metabolic switch in greater detail. In addition, lactate can be knocked out, and analysis conducted
in Chapter 6 can be conducted once again to determine if the pro-survival impact of EC requires a
switch to lactate utilization.
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Figure 7. 2 Lactate is enhanced for NSC+EC under GD. Lactate levels were measured for
NSC, NSC+EC, and EC under baseline conditions and 4 hours of glucose deprivation.
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Appendix 1: Supplemental Figures from Chapter 3

Supplementary Figure A1. 1. EC purity assessment. A) bEND.3 cells are CD31+/VE-Cadherin+
(left) and VE-Cadherin+/CD45- (right). B) VE-Cadherin gated and positive cells for unstained
control (left) and stained cells (right). C) CD45 gated and positive cells for unstained control (left)
and stained cells (right). All plots were created using FlowJo.
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Supplementary Figure A1. 2. 3D migration experiment setup. A) circular piece placed at the
periphery of the bottom of a 12 well plate provides support for piece B) placed atop piece A, in
order to elevate the hydrogel. The hydrogel is above piece B, and sandwiched by piece C, to keep
the hydrogel in place. D) Assembled set up in a cell culture dish.
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Supplementary Figure A1. 3. EC promote NSC clustering but not speed. A) Snapshots

of time lapse images for NSC, NSC+EC, and EC cultured on glass coverslip. B) NSC
cumulative displacement field. C) Instantaneous velocities variations with time. Mean is
represented by dotted lines and spread is standard deviation. D) Bar plot of average speed
(µm/min) for EC [16], NSC+EC (light blue) and NSC (dark blue), (error bars: +/- standard
deviation). E) NSC-GFP and EC fluorescent image. Scale bar (100µm).
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Supplementary Figure A1. 4. Templated hydrogel with bioactive protein conjugation. A)
SEM images of brain tissue – subventricular zone (SVZ) and olfactory bulb (OB). B) Top: SEM
images of non-porated and porated hydrogel. Bottom: Cross-section image using optical coherence
tomography (OCT) of non-porated and porated hydrogel. Scale bar (50 μm) representative of all
images. C) Brain slices in brightfield (left), stained against fibronectin (middle) and stained against
laminin. D) PEG hydrogel with no bioactive additives stained for laminin and fibronectin (left),
stained against fibronectin (middle), and stained against laminin.
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Supplementary Figure A1. 5. NSC N-cadherin expression is enhanced by EC MMP2. NCadherin histograms for NSC (left) and NSC from NSC+EC (right) when A) cells have access to
MMP2, and B) MMP2 secretion is inhibited.
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Appendix 2: Supplemental Figures from Chapter 4

Supplementary Figure A2.1. Degradation of NSC Encapsulated Microbeads. A) As a control,
NSC were plated in PEG polymer and pre-gel solution, where cells remain healthy after 72 hours.
This verifies that the polymer and photocrosslinking chemicals are not toxic to the cells in culture.
B) Degradable microbeads in media (first panel), CSF (second panel), and 2 mg/ml collagenase
(third panel) with encapsulated NSC. Cells loosely encapsulated at the surface of microbeads
adhere and elongate on the well plate as seen at 48 and 72 hours (indicated by red arrows).
Microbeads swell in the nutrient rich CSF and degrade within 24 hours in the collagenase solution.
Scale bar (100 µm) representative of all images.

188

Supplementary Figure A2.2. Astrocytic and Microglial Reaction to Needle Stab. Illustrative
image of astrocytic and microglial reaction to intra striatal injection. A) Astrocytes GFAP+ were
visualized around the region of needle trajectory to lateral ventricle (LV) and subventricular zone
(SVZ). B) A similar pattern was observed in microglial cells Iba1+ around the injection site. Scale
bar (50 µm) representative of all images.
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Appendix 3: Supplemental Figures from Chapter 5

Supplementary Figure A3. 1. Impact of needle bore diameter on microsphere size
distribution. A) A macroscopic view of 1 mL of microsphere on a coverslip prepared for the
analysis of their size distribution. B) Quantification of microsphere size was based on delineating
their circumference and measuring their diameter in the same focal plane. C) The distribution of
size was highly dependent on the diameter of needle attached to a Hamilton syringe with a narrow
bore size essentially eliminating large microsphere compared to a pipette with a cut off p1000
needle tip (2.5 mm diameter). D) Microsphere density (i.e., number of microspheres/ml) decreased
with narrower needle bore sizes. E) This was further evident in the volume fraction (i.e., volume
occupied by microspheres). On all graphs, bars represent the mean value and error bars indicate the
standard deviation of the data.
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Supplementary Figure A3. 2. Impact of ejection speed on microsphere size distribution. A)
Ejection speed from the Hamilton syringe influence the size distribution of microspheres, with a
faster ejection resulting in larger diameters being observed with ejected microspheres. B)
Microsphere density was reduced by a slower ejection rate. C) A 10 µL/min ejection rate produced
the highest volume fraction of microspheres in the ejectate. On all graphs, bars represent the mean
value and error bars indicate the standard deviation of the data.
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Supplementary Figure A3. 3. Impact of delivery on microsphere integrity. A) Most
microspheres exhibited a high level of circularity (>0.9). B) The aspect ratio (1-1.2) was well
preserved, but also revealed a gradual effect indicating that some microspheres underwent some
minor deformation. C) There was a more gradual effect on roundness, which reflected the
asymmetry of the microsphere (i.e., dents in the surface etc.), but still most microsphere exhibited
a high level of perimeter integrity. Larger bore size and a faster ejection speed mostly affected
roundedness, but this is likely also a reflection of the size distribution of microsphere that is affected
by these ejection parameters. On all graphs, bars represent the mean value and error bars indicate
the standard deviation of the data.
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Supplementary Figure A3. 4. Microsphere delivery to a cortical tissue cavity. A) Microsphere
delivery to a cortical tissue defect caused by photothrombosis. A shallow cortical lesion present
considerable challenges to robustly deliver and retain microspheres. Microspheres need to sediment
in the cavity and fill it up, avoiding a risk of buoyancy that could lead to microspheres displacing
out of the cavity. A beveled needle carries the risk to push microsphere to one side of the cavity
and hence not producing a homogenous distribution in the cavity. Placement of the needle in the
cavity is also important to avoid implantation into intact tissue underneath the defect, but a too
shallow position situated in the skull would also prevent filling of the cavity. B) The meninges pose
a further challenge for shallow deliveries. The needle needs to pierce through, but not disrupt the
meninges as otherwise immune cells can easily invade and the torn meninges will invoke a brain
inflammatory response. The pia matter is needed to keep microsphere in place in the tissue cavity,
rather than allow spread through the subdural space. Flat needles typically tear these layers; hence
a needle prick is required to punch through without causing wide-spread tearing of these protective
membranes. Beveled needles in shallow tissue defects can lead to a loss of microspheres outside
the pia matter. Positioning of the needle at a shallow angle under the pia matter can produce a
robust filling of the cavity without backflow into the subdural space. C) Poor delivery resulted in
only a few microspheres being retained outside the tissue cavity. D) A too deep implantation
delivered microsphere to intact tissue rather than the cavity, creating significant additional
iatrogenic tissue damage. E) Delivery of microspheres to the corpus callosum can lead to an
interhemispheric spreading along white matter.
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Supplementary Figure A3. 5. Microsphere delivery to a large sub-cortical and cortical tissue
cavity. A) Delivery of a large volume of microsphere to a stroke cavity caused by middle cerebral
artery occlusion (MCAo). Misplacement of a large volume of microsphere into intact tissue could
cause major brain damage and needs to be avoided. Using an injection-drainage approach, delivery
of microspheres can displace the extracellular fluid present in the tissue cavity and completely fill
up this space. However, consideration needs to be given to the volume fraction that is delivered to
ensure an appropriate microsphere density, avoiding buoyancy or sedimentation that could lead to
sub-optimal filling of the tissue defect. A further consideration is that hydrogel-based microsphere
can potentially be deformed and re-shaped during the injection process, voiding the microsphere
design. B) Sub-optimal volume fraction of microsphere leaves large voids. C) Quality control of
injection parameters, as well as the formation of microspheres, is essential to avoid “spaghetti-like”
spindles. D) Inappropriate delivery of microspheres into intact or non-degraded damage tissue.
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Supplementary Figure A3. 6. Cells migrate out of implanted microspheres. A) Both NSCs and
ECs migrated out of the microspheres into the ECM hydrogel used for implantation. ECs showed
alignment in between microspheres and highly expressed CD31. B) Cells distributed around the
microspheres, with very few cells being retained inside.
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Appendix 4: Supplemental Figures from Chapter 6

Supplementary Figure A4. 1. EC and PC remain viable during glucose deprivation. A)
Brightfield images of NSC, EC and PC at 24 and 48 hours of glucose deprivation (GD). EC and
PC remain adherent, unlike NSC. B) Cell cytotoxicity measured by LDH release for NSC, EC, and
PC at 24 and 48 hours of GD. EC and PC have significantly less cytotoxicity compared to NSC
under GD.
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Supplementary Figure A4. 2. NSC VEGFR3 expression is increased in co-cultures of
NSC+EC. A) Flow cytometry histograms for NSC, NSC from NSC+EC, and EC during baseline
(red) and glucose deprivation (blue) at 4 hours and B) 24 hours.
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Supplementary Figure A4. 3. Creation of cell encapsulated microbeads. A) Microbeads are
created by combining photochemicals and PEG, and NSC or NSC+EC. The polymer and cell phase
was mixed with a mineral oil and photoinitiator phase which was vortexed and crosslinked using
white light. Microbeads with encapsulated cells are then collected and removed from the mineral
oil. B) Brightfield image of microbeads with encapsulated cells, C) stained with Hoechst. Scale bar
(100 um) representative of all images.
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Supplementary Figure A4. 4. 30 days and 14 days post ICH are not adequate for microbead
delivery. A) Whole brain section image showing GFP microbeads at 30 days post ICH. B) ICH
brain sections with implanted degradable microbeads containing NSC-GFP and EC coencapsulated, staining against NSC-GFP (green), Iba-1 (yellow) and Dapi (blue) 14 days post ICH.
Scale bar (50 µm) representative of all images.
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Supplementary Figure A4. 5. 7 Days post ICH is adequate for microbead delivery. A) ICH
brain sections with implanted degradable GFP microbeads containing no cells, staining against
beads (green), Iba-1 (yellow) and Dapi (blue) 7 days post ICH. B) ICH brain sections with
implanted degradable microbeads containing NSC-GFP and EC co-encapsulated, staining against
NSC-GFP (green), Iba-1 (yellow) and Dapi (blue) 7 days post ICH, with C) half-hemisphere
images. Scale bar (50 µm) representative of all images.
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